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 ABSTRACT 
 
SYNTHESIS AND CHARACTERIZATION OF 
 
 POLYISOBUTYLENE-BLOCK-POLYAMIDES AS NOVEL 
 
THERMOPLASTIC ELASTOMERS 
 
by Lauren Renee Kucera 
 
August 2013 
 
 Academic research has focused on two main areas of the living carbocationic 
polymerization (LCP) of isobutylene (IB): (1) the in-depth study and understanding of 
mechanistic features of the polymerization, and (2) the utilization and manipulation of the 
unique aspects of PIB in order to produce practically useful polymeric materials. The 
research included in this dissertation focuses mainly on the latter objective. This work 
details three main areas of research: (1) the copolymerization of PIB and polyamides 
(PA) to form novel thermoplastic elastsomers (TPEs), (2) the mechanical, physical and 
thermal properties of the novel PIB-PA materials, and (3) the use of click chemistry in 
the formation of PIB-PA copolymers. 
 In the first study, polyisobutylene (PIB) and polyamide (PA) multiblock 
copolymers were synthesized via an amidation reaction to make a thermoplastic 
elastomer. A difunctional carboxylic acid-terminated polyamide was reacted with a 
primary amine-terminated polyisobutylene (H2N-PIB-NH2) in bulk under nitrogen at 
215°C to form the segmented copolymers. A series of copolymers were synthesized with 
varying molecular weights of both the PIB and PA, as well as varying types of PA. 
13
C 
NMR, GPC, and MALDI-TOF-MS were used to confirm the structure of the prepolymers 
and copolymer, as well as determine the molecular weight. 
ii 
 In the second study, the thermal, physical, and mechanical properties of the series 
of PIB-PA copolymers were examined. DSC, TGA, DMA, density, water contact angle, 
and mechanical testing were used to fully characterize these novel copolymers. PIB-PA 
samples were also compared to samples of polyether-block-amide (PEBAX) provided by 
Arkema as a comparison to industrial grade TPEs. 
In the final study, azide-alkyne click chemistry was used, as a second method, in 
the synthesis of segmented multi-block PIB-PA copolymers. The synthesis was 
performed by reacting a difunctional yne-terminated PA with an azide-terminated PIB in 
bulk under nitrogen at 200°C with and without a copper(I) catalyst. 13C NMR, GPC, 
FTIR, and MALDI-TOF-MS were used to confirm the structure of the prepolymers and 
copolymer, as well as determine the molecular weight. 
 
 
 
 
 
 
 
 
 
 
 
iii 
  
 
 
COPYRIGHT BY 
LAUREN RENEE KUCERA 
2013
  
 
The University of Southern Mississippi 
 
 
SYNTHESIS AND CHARACTERIZATION OF 
POLYISOBUTYLENE-BLOCK-POLYAMIDES AS NOVEL  
THERMOPLASTIC ELASTOMERS 
by 
 
Lauren Renee Kucera 
 
 
 
A Dissertation 
Submitted to the Graduate School 
of The University of Southern Mississippi 
in Partial Fulfillment of the Requirements 
for the Degree of Doctor of Philosophy 
 
Approved: 
 
 
__Robson F. Storey____________________ 
Director 
 
__Jeffrey S. Wiggins___________________ 
 
 
__Sarah E. Morgan  ___________________ 
 
 
      __Kenneth A. Mauritz_________________ 
       
 
      __Gary V. Krebs______________________ 
 
 
      __Susan A. Stiltanen___________________ 
      Dean of the Graduate School 
 
 
 
 
August 2013 
 ACKNOWLEDGMENTS 
 I would like to sincerely thank my advisor, Dr. Robson F. Storey, for all of his 
guidance, understanding, and friendship during my graduate career at Southern Miss. He 
not only taught me how to be a better scientist and improve my scientific writing skills, 
but he also showed me how to be a better leader in the scientific community. 
 I would like to thank all of the faculty and staff in the School of Polymers and 
High Performance Materials as well as the School of Human Performance and Recreation 
for creating a challenging, fun, and rewarding learning environment. Particularly, I would 
like to thank my committee members: Dr. Mauritz, Dr. Morgan, Dr. Wiggins, and Dr. 
Krebs for their exceptional tutelage in the classroom and for their help throughout my 
graduate experience. 
 I thank all of my colleagues within the Polymer Science Department; one of the 
best aspects of attending graduate school here is the high caliber of students that have 
encouraged me through peer review to be a better scientist and who have made great 
friends. I would like to thank the members of the Storey Research Group, both past and 
present, who have been some of the greatest scientists and most enjoyable labmates I 
could ever imagine having the pleasure with whom to work. I must give specific thanks 
to those who helped make the days of my graduate experience the very best: Todd 
Hartlage, Mark Brei, Dr. Irene Gorman, Dr. Yaling Zhu, Dr. Lisa Kemp, and Megan 
Jennings. I would also like to thank the students who I have had the great experience of 
mentoring in the lab and who have, in turn, taught me to be a better leader: Connor 
Flanagan and Sam Hanson. Sam is especially acknowledged for all of his hard work on 
the synthesis of the difunctional initiator necessary in the synthesis of PIB. I would also 
iv 
  like to acknowledge the Wiggins and Mauritz labs, with which I worked closely at the 
end of my graduate study. 
 I thank my funding sources for allowing me the opportunity to have this 
wonderful graduate experience: NSF GK-12 Program “Connections in the Classroom: 
Molecules to Muscles” (Award #0947944). 
 Finally, but certainly most importantly, I thank my family for being supportive 
through this entire experience. My parents, Ray and Laura Kucera, have always been 
dedicated to providing me with the best educational experiences possible. My mom has 
continued to inspire me with her creativity and encouragement to always ask questions, 
and my dad has set an example with his amazing work ethic. I would also like to thank 
my sister, Rachel Kucera, for her support. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
v 
 TABLE OF CONTENTS 
ABSTRACT ........................................................................................................................ ii 
 
ACKNOWLEDGMENTS ................................................................................................. iv 
 
LIST OF TABLES ........................................................................................................... viii 
 
LIST OF SCHEMES.......................................................................................................... ix 
 
LIST OF ILLUSTRATIONS ...............................................................................................x 
 
CHAPTER 
I. INTRODUCTION .............................................................................................1 
 
Background 
Polyamide-Based Thermoplastic Elastomers 
Development of Polyamides 
Overview of Polyisobutylene-Based Thermoplastic Elastomers 
Click Chemistry 
 
II. SYNTHESIS AND CHARACTERIZATION OF POLYISOBUTYLENE-
BLOCK-POLYAMIDES AS NOVEL THERMOPLASTIC  
ELASTOMERS ...............................................................................................23 
 
Introduction 
Experimental 
Results and Discussion 
Conclusions 
 
III. THERMAL, PHYSICAL, AND MECHANICAL PROPERTY STUDIES    
OF POLYISOBUTYLENE-BLOCK-POLYAMIDES ....................................53 
 
Introduction 
Experimental 
Results and Discussion 
Conclusions 
 
 
 
 
 
 
 
 
vi 
 IV. UTILIZATION OF CLICK CHEMISTRY IN THE FORMATION OF 
POLYISOBUTYLENE-BLOCK-POLYAMIDES ..........................................77 
 
Introduction 
Experimental 
Results and Discussion 
Conclusions 
 
REFERENCES ................................................................................................................102 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
vii 
 LIST OF TABLES 
Table  
1. Tensile Properties of PEA at Elevated Temperatures (ASTM-412, D-3196) .........8 
 
2. Comparison of Common Physical Properties of PS-b-PIB-b-PS and 
PS-b-P(EB)-b-PS ...................................................................................................16 
 
3. Formulations for Isobutylene Polymerizations and Quenching Reactions ............29 
 
4. Formulations for Polyamide Melt Polycondensation Reactions ............................32 
 
5. Formulations for PIB-PA Copolymer Polycondensation Reactions ......................34 
 
6. Ladder Study Results for PIB-PA 11 2:2 ...............................................................51 
 
7. Densities of PIB-PA and PEBAX Samples ...........................................................59 
8. Melting Temperatures Obtained by DSC Analysis for PIB-PAs and PEBAX ......63 
9. Decomposition Temperatures Determined from Thermogravimetric Analysis ....70 
10. Mechanical Testing Results for PIB-PAs and PEBAX .........................................71 
11. Formulations for Alkyne-Terminated Polyamides ................................................83 
 
 
 
 
 
 
 
 
 
viii  
 LIST OF SCHEMES 
Scheme  
1. General reaction scheme illustrating the one-prepolymer Dow method for the 
formation of a PA TPE ............................................................................................4 
 
2. General reaction scheme illustrating the two-prepolymer Arkema method for     
the formation of a PA TPE.......................................................................................7 
 
3. General AA-BB nylon two-step synthesis showing the salt formation followed   
by polyamide formation .........................................................................................10 
 
4. Three principal reactions (ring-opening, condensation, addition) in hydrolytic 
ring-opening polymerization utilized to form commercially available AB type 
nylons .....................................................................................................................11 
 
5. Living cationic polymerization of isobutylene (IB) utilizing a bifunctional 
initiator ...................................................................................................................15 
 
6. Dipolar cycloadditions between alkynes and azides ..............................................19 
 
7. Proposed mechanism for the copper catalyzed azide-alkyne cycloaddition ..........20 
 
8. Proposed intermediates in the formation of triazole rings .....................................21 
 
9. General synthetic strategy for (PIB-PA)n TPEs .....................................................36 
 
10. Trifluoroacetylation reaction of a generic polyamide ............................................45 
 
11. Copper-catalyzed azide-alkyne cycloaddition (CuAAC) reaction to form 
segmented multi-block PIB-PA .............................................................................86 
 
 
 
 
 
 
 
 
 
 
 
 
 
ix  
 LIST OF ILLUSTRATIONS 
 
Figure  
1. 
1
H NMR (300 MHz, CDCl3, 22°C) spectra of (A) 
α,ω-bis[4-(3-bromopropoxy)phenyl]polyisobutylene, (B) 
α,ω-bis[4-(3-phthalimidopropoxy)phenyl]polyisobutylene, (C) 
α,ω-bis[4-(3-aminopropoxy)phenyl]polyisobutylene with peak integrations .......39 
 
2. 
13
C NMR (75 MHz, TFE:CDCl3 (4:1), 22°C) spectrum of 
α,ω-bis[4-(3-aminopropoxy)phenyl]polyisobutylene. ...........................................40 
 
3. MALDI-TOF mass spectrum of 
α,ω-bis[4-(3-bromopropoxy)phenyl]polyisobutylene (PIB-2000) prepared          
by the dried droplet method with α-cyano-4-hydroxycinnamic acid as the    
matrix, NaTFA as the cationizing agent, and THF as the solvent .........................41 
 
4. 
13
C NMR (75 MHz, TFE:CDCl3 (4:1), 22°C) spectrum of carboxyl-terminated 
PA-11-1000 ............................................................................................................42 
 
5. 
13
C NMR (75 MHz, TFE:CDCl3 (4:1), 22°C) spectrum of carboxyl-terminated 
PA-6-2000 ..............................................................................................................43 
 
6. MALDI-TOF mass spectrum of PA-11-2000 prepared by the solvent-free   
method with 2,5-DHB as the matrix ......................................................................46 
 
7. Photo-images of a PIB-2000 and PA-6-2000 melt polycondensation reaction       
as a function of time ...............................................................................................47 
 
8. 
13
C NMR (75 MHz, TFE:CDCl3 (4:1), 22°C) spectrum of PIB-PA-11-2:2 ..........49 
 
9. GPC differential refractive index traces of 
α,ω-bis[4-(3-amino)phenyl]polyisobutylene (2000 MW) (dotted line), 
trifluoroacetylated PA-6-2000 (dashed line), and trifluoroacetylated                 
PIB-PA-6-2:2 (solid line) .......................................................................................50 
 
10. Water contact angles for all PIB-PAs and PEBAX ...............................................60 
 
11. Water contact angle for (A) PIB-PA 6 (1:1, 1:2, 2:1, 2:2), (B) PIB-PA 11        
(1:1, 1:2, 2:1, 2:2), (C) PEBAX (1878, 35R53, 40R53, 55R53) from left to      
right ........................................................................................................................60 
 
12. Dynamic DSC scans obtained at 10°C/min, comparing the PIB-PA 6 and   
PIB-PA 11 series ....................................................................................................62 
 
13. Dynamic DSC scans obtained at 10°C/min comparing the PEBAX series ...........63 
x 
 14. Tan δ vs. temperature of the PIB-PA 6 series ........................................................64 
 
15. Tan δ vs. temperature of the PIB-PA 11 series ......................................................65 
 
16. Tan δ vs. temperature of the PEBAX series ..........................................................66 
 
17. Storage modulus vs. temperature of the PIB-PA 6 series ......................................67 
 
18. Storage modulus vs. temperature of the PIB-PA 11 series ....................................67 
 
19. Storage modulus vs. temperature of the PEBAX series ........................................68 
 
20. TGA thermograms of PIB 2000, PA-11 2000 and PIB-PA 11 2:2 ........................68 
 
21. TGA thermograms of PIB 2000, PA-6 2000 and PIB-PA 6 2:2 ............................69 
 
22. TGA thermograms of the entire PEBAX series .....................................................69 
 
23. Stress-strain curves for the PIB-PA 6 series ..........................................................74 
 
24. Stress-strain curves for the PIB-PA 11 series ........................................................75 
 
25. 
1
H NMR (300 MHz, CDCl3, 22°C) spectra of 
α,ω-bis[4-(3-bromopropoxy)phenyl]polyisobutylene, 
α,ω-bis[4-(3-azidopropoxy)phenyl]polyisobutylene with peak integrations .........88 
 
26. MALDI-TOF mass spectrum of 
α,ω-bis[4-(3-azidopropoxy)phenyl]polyisobutylene (2000 MW) prepared by     
the dried droplet method with dithranol as the matrix, NaTFA as the      
cationizing agent, and THF as the solvent. ............................................................89 
 
27. 
13
C NMR (75 MHz, TFE:CDCl3 (4:1), 22°C) spectrum of yne-terminated 
PA-11-1000 ............................................................................................................90 
 
28. MALDI-TOF mass spectrum of yne-terminated PA-11 (2000 MW) prepared      
by the solvent-free method with 2,5-DHB as the matrix .......................................92 
 
29. 
13
C NMR (75 MHz, TFE:CDCl3 (4:1), 22°C) spectrum of yne-terminated 
PA-6-1000 ..............................................................................................................93 
 
30. MALDI-TOF mass spectrum of yne-terminated PA-6 (1000 MW) prepared by   
the solvent-free method with 2,5-DHB as the matrix. ...........................................94 
 
31. Photo-images of a CuAAC reaction between azide-terminated PIB (2000 MW) 
and yne-terminated PA-11 (1000 MW) as a function of time ...............................97 
xi 
 32. 
13
C NMR (75 MHz, CDCl3, 22°C) spectrum of (A.) azide-terminated PIB     
(2000 MW), (75 MHz, TFE:CDCl3 (4:1), 22°C) spectra of (B.)                         
yne-terminated PA-11 (1000 MW), (C.) triazole-linked PIB-PA..........................98 
 
33. Mid-IR range spectra of azide-terminated PIB (2000 MW), yne-terminated        
PA 11 (1000 MW), and tiazole-linked PIB-PA 11 (2000:1000 MW) .................100 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
xii 
1 
 
 
  
CHAPTER I 
INTRODUCTION 
Background 
 Thermoplastic elastomers (TPEs) are a unique class of polymeric materials that 
possess the physical properties of a rubber, e.g., softness, flexibility, and resilience, but 
are processible as a thermoplastic rather than a thermoset. While there are several classes 
of TPEs, most are phase-separated polymer systems, e.g., a tri-block copolymer, in which 
discontinuous hard domains (glassy or semi-crystalline) are dispersed within a continuous 
rubbery phase. The hard domains provide physical crosslinking of the rubbery chains, 
thus allowing this unique combination of elastomeric properties and thermoplastic 
processibility.
1
 Polyamide (PA) TPEs are one of the newer developments that utilize 
phase separation to improve the performance range of TPEs. By using conventional 
chemistry, i.e., esterification or amidation, PA-based TPEs can be made from a variety of 
monomers, resulting in the capability to optimize TPE properties for various applications. 
Examples in which PA TPEs have replaced vulcanized rubbers can be seen in specific 
applications such as seal rings, gaskets, industrial hose and footwear.
2
 
 The work presented in this dissertation focuses on the development of PA TPEs 
utilizing a polyisobutylene (PIB) soft segment. Novel approaches were developed to 
combine PA hard segments with PIB soft segments to form segmented multiblock 
copolymers. These approaches include bulk polycondensation as well as azide/alkyne 
chemistry. A complete characterization (structural, physical, and mechanical) of 
PIB-block-PA TPEs was necessary to determine the strengths of these novel materials as 
well as compare them to currently available commercial TPEs. This introduction will 
2 
 
 
  
give a brief background of PA TPEs, PA, PIB, and the synthetic techniques of click 
chemistry, specifically azide/alkyne reactions. 
Polyamide-Based Thermoplastic Elastomers 
 The first developments in thermoplastic elastomers occurred in the 1930s using 
polyvinyl chloride (PVC), a rigid thermoplastic. Semon discovered that plasticizers can 
be added to PVC, which causes swelling of the atactic portion and allows the glass 
transition temperature (Tg) to be reduced to well below room temperature.
3
 The decrease 
in Tg causes the atactic portion of PVC to become flexible. The combination of a soft, 
flexible phase (plasticized atactic PVC) with a hard, rigid phase (syndiotactic PVC) is the 
most common TPE structure; however, plasticized PVC is not usually considered an 
elastomer due to the lack of elastomeric properties (e.g., snapback, resilience, high 
surface friction). 
 In 1937, Bayer discovered the polyaddition reaction between diisocyanates and 
glycols, which was used to make polyurethane fibers.
4-6
 By using two glycols (one with a 
short chain and one with a long chain), two different urethane blocks were formed. Based 
on the differing structures of these blocks, the morphology was also different, with the 
short chain forming a crystalline domain and the long chain forming an amorphous 
domain. Once this fundamental understanding of a two-phase system had been achieved, 
the TPE field rapidly developed. DuPont
7
 and B.F. Goodrich
8
 used this same principle of 
the two-phase system to produce elastic fibers and moldable rubbers. Other types of TPEs 
were discovered, e.g., styrenic block copolymers,
9-11
 ionomers,
12-14
 and TPEs from 
dynamic vulcanization;
15-18
 however, there was still a gap in the performance range of 
TPEs. 
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 The performance range of TPEs was extended in the 1980s with the development 
of PA TPEs by The Dow Chemical Company
19
 and Arkema
20
 (formerly Atochem). Dow 
developed three different types of PA elastomers, all possessing a semi-aromatic amide 
hard segment but possessing various soft segments including, aliphatic polyester (PEA 
type),
19
 aliphatic polyether (PEEA type),
21
 or aliphatic polycarbonate (PCEA type).
22
 For 
their PA TPEs, Arkema exclusively used aliphatic polyethers for the soft segment and 
aliphatic polyamides for the hard segment (PE-b-A).
20 
All of the PA TPEs developed by either company utilize a segmented copolymer 
structure which plays a key role in the physical properties. While a random copolymer 
consists of two monomer units that are randomly or statistically distributed, a segmented 
copolymer consists of alternating blocks of each of the two monomer units, of a 
determined length. In the segmented copolymers that form TPEs, one of the segments is 
considered hard (crystalline or glassy amorphous domain) and the other segment is 
considered soft (rubbery amorphous domain). When the temperature is lower than the Tg 
of the hard segment, the hard segment domains serve as anchor points, i.e., physical 
crosslinks, for the chain ends of the rubbery segments. Under processing conditions, as 
the temperature is raised above the Tg of the hard segment, the hard segment domains 
soften and the copolymer may undergo viscous flow. When the temperature is cooled 
back below the Tg of the hard segment, the hard segment domains crystallize or vitrify 
and the copolymer regains elasticity and once again behaves like a vulcanized rubber. 
Unlike TPEs, vulcanized rubbers have physical crosslinks that do not allow for viscous 
flow of the material. 
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Dow Method 
 Dow synthesized PA TPEs by forming an amide linkage between the hard and 
soft segments in a two-step procedure, as shown in Scheme 1.
19
 In the first step, a 
polyester, polycarbonate, or polyether was formed by reacting a polyol (polycarbonate or 
polyether) or monomeric diol with a dicarboxylic acid. An excess of the dicarboxylic acid 
was used to ensure that the end groups of the polyester/polycarbonate/polyether were 
carboxyl groups. In the second step these carboxyl-terminated prepolymers were reacted 
in a step-growth polymerization with a diisocyanate and a monomeric dicarboxylic acid. 
The polyamide hard segments were thereby formed in situ, and the hard and soft 
segments were connected via amide linkages. Carbon dioxide was the condensation by-
product. 
 
Scheme 1. General reaction scheme illustrating the one-prepolymer Dow method for the 
formation of a PA TPE.  
 
HOOC R C
O
O O C
O
R COOHn + n*m HOOC R' COOH + (n+n*m) OCN R'' NCO
- 2 (n+n*m) CO2
NH C
O
R C
O
O O C
O
R C
O
NH R'' NH C
O
R' C
O
NH R''
m
n
= polyester, polycarbonate or polyether
R, R' = Ar or aliphatic
R'' = Ar
+ HOOC R COOH
- H2O
excess
HOOC R C
O
O O C
O
R COOHHO OH
= monomer (ester)
   prepolymer (carbonate, ether)
= polyester, polycarbonate or polyether
Step 1:
Step 2:
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 Chapin and co-workers
23
 determined that temperature, catalyst, and solvent 
greatly affected the outcome of this reaction. The best solvents were inert organic 
solvents (i.e., tetramethylenesulfone, dichlorobenzene, N-methylpyrrolidone, N,N-
dimethylformamide, xylene) which in no way would interfere with the desired course of 
the reaction. The most advantageous temperature was between 150 and 170°C. Chapin 
also discovered that the presence of a strong base catalyst, such as an alkali metal 
alkoxide or alkali metal lactamate, promotes the nucleophilic attack of the acid on the 
isocyanate, which speeds up the reaction. 
Arkema Method 
 Arkema also produced a polyamide-based TPE, but instead of using amide 
linkages, they incorporated ester linkages between the polyamide hard segment and 
polyether soft segment. Direct esterification of a difunctional carboxylic acid-terminated 
aliphatic amide block with a poly(oxyalkylene) glycol was used to form the ester linkage, 
as shown in Scheme 2.
20
 In the first step, a polyamide hard segment was formed by a 
ring-opening polymerization of a cyclic lactam or condensation reaction of a diamine and 
dicarboxylic acid. For ring-opening polymerization of a lactam, a dicarboxylic acid was 
used as a chain capping group to ensure that all terminal groups of the prepolymer were 
carboxyl. In the second step these carboxyl-terminated prepolymers were reacted with 
polyoxyalkylene glycols in a polycondensation reaction to form the ester linkages that 
connect the hard amide segments to the soft polyoxyalkylene segments. 
 Foy and Deleens studied many different reaction conditions in order to improve 
the efficiency of this polymerization.
20
 Foy discovered that the addition of a metallic 
tetraalkoxide catalyst not only significantly increased the rate of the esterification 
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reaction, but also increased the molecular weight of the polymer produced.
20
 It was also 
discovered that polyesterification of the two prepolymers could be affected by continuous 
reactive extrusion of thick film, leading to higher production rates than were attainable 
using batch reactions.
24
 The continuous production offered the advantages of better heat 
transfer and continuous surface renewal to facilitate the removal of water of 
condensation. 
 Industrially, the PE-b-A copolymers can be synthesized either batch wise or 
continuously by using up to three agitated thin film reactors configured in series.
24
 The 
thin film reactors offer the advantages of better heat transfer and continuous surface 
renewal to facilitate the removal of the water of condensation. These advantages allow 
for higher molecular weight polymers to be produced in much shorter residence times 
which, in turn, improve the color of the polymer. 
 PE-b-A elastomers designed for molded products generally have amide segments 
with molecular weights in the range of 800 to 5000 g/mol. The ether soft segments have a 
molecular weight range of 400 to 3000 g/mol and make up from 5 to 50% (by weight) of 
the elastomer. Softer, more elastomeric materials can be obtained by using amide and 
ether segment molecular weights of 500 to 2000 g/mol and 1000 to 3000 g/mol, 
respectively. In this case the soft segments comprise 60 to 80% (by weight of the 
elastomer.
20
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Scheme 2. General reaction scheme illustrating the two-prepolymer Arkema method for 
the formation of a PA TPE. Both ring-opening polymerization of a cyclic lactam and 
condensation reaction of a diamine and dicarboxylic acid have been used to create the 
polyamide prepolymer. 
 
Physical Properties 
 PA TPEs are one of the newer classes of TPEs, and their applications are still 
being discovered; however, based on what is known about their physical properties it is 
likely they will fill the gap between thermoplastic polyurethanes and silicone-based 
polymers. One of the physical properties that has been extensively studied for PA TPEs is 
their tensile properties at elevated temperatures. PA TPEs perform well in these tests due 
to the relatively high melting temperature of the crystalline portion of the amide segment 
domains. The results are summarized in Table 1, which shows that PA elastomers 
HOOC CH2 COOH
x H2C NH
C
O
y
HOOC CH2 NH C
O
x
CH2 C
O
y
NH CH2 COOH
y
n
I
I OH OH
O C
O
CH2 NH C
O
CH2 C
O
NH CH2 C
O
O
y x y
n
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n+
+
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retained useful tensile properties under conditions where most other TPEs could not even 
be tested.
25
 
Table 1 
Tensile Properties of PEA at Elevated Temperatures (ASTM-412, D-3196) 
Sample 
Test 
Temp. 
(°C) 
 
Modulus 
(MPa) 
 
Tensile 
Strength 
(MPa) 
Elongagtion 
(%) 
  50% 100% 300%   
PEA-1 RT 8.7 12.0 21.0 31.0 495 
 150 6.5 8.9 13.3 14.8 340 
PEA-2 RT 11.3 13.2 19.2 26.2 470 
 100 7.4 8.3 9.7 14.6 480 
 150 5.5 5.9 6.3 7.7 320 
PEA-4 RT 14.7 18.9 - 36.0 295 
 100 5.8 8.1 15.8 20.6 390 
 150 3.7 5.1 9.1 9.6 310 
PEA-5 RT 22.2 22.7 33.1 33.1 300 
 100 8.4 8.4 12.4 20.0 500 
 150 3.2 3.2 3.7 5.0 480 
PEA-6 RT 30.1 30.1 - 42.2 265 
 100 9.0 9.0 14.3 26.9 490 
 150 6.1 6.1 9.4 16.2 540 
 
Humid aging is another property that has been studied. TPEs containing ester 
linkages in their structure are susceptible to hydrolysis, which can lower the molecular 
weight of the polymer and diminish physical properties. Among the various PA TPEs, 
those of the PEA type were found to be most susceptible to hydrolysis because the entire 
soft segment is composed of ester linkages, whereas the PEEA, PCEA and PE-b-A 
elastomers were all less sensitive to hydrolysis because there were few ester linkages. 
However, PE-b-A polymers possessed carboxylic acid end groups that act as a catalyst 
for the hydrolysis of the ester linkages. It was found that the performance of PE-b-A 
elastomers could be improved by including a monocarboxylic acid oligomer that also has 
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a hydroxyl end group functionality.
26
 The carboxylic acid group would react with the 
amine, which means the terminal end group of the PE-b-A elastomer would be a 
hydroxyl group which is less reactive to hydrolysis. 
 PA TPEs also have very good compression set when measured under constant 
load conditions, which comes from the high modulus and load bearing abilities of these 
elastomers. The hard segments undergo an increase in crystallinity (strain induced 
crystallinity) which causes strain hardening, leading to a decrease in creep. Most 
vulcanized rubbers cannot undergo this increase in crystallinity because of the crosslinks 
that have formed; therefore, they have lower compression set values. Depending on the 
phase separation of the hard and soft segments, certain PA TPEs show good flex fatigue 
properties. PA TPEs have also been tested for weatherability and were discovered to be 
resistant to UV radiation. 
Development of Polyamides 
 For the TPEs discussed in this dissertation, polyamides (PAs) have been chosen 
as the target hard block. PAs (also known as nylons) were first developed by Carothers in 
the early 1930s as a higher melt-temperature alternative to polyesters.
27-28
 PA-66 was first 
made in the laboratory in 1935 from polycondensation of hexamethylene diamine and 
adipic acid, and the first of many patents on “linear superpolymers having unusual and 
valuable properties” appeared in 1937.29 In order to compete with DuPont, I.G. Farben 
developed PA 6 through ring-opening polymerization of ε-caprolactam.30 PA 66 and PA 
6 were the first nylons to be developed, and they continue to be the most popular, making 
up 90% of nylon used in the global market.
31
 Other commonly used nylons include PA 
11, 12, 612, 69, 610, and 46. Since the introduction of PAs, many modifications have 
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been made yielding a very diverse and large population of nylon compositions with 
specific property sets. As of 1995, the total number of nylon resins offered by all 
producers was estimated to be about 1500.
31
 
Nylons can be broken down into two basic types from a repeat unit standpoint: 
AA-BB and AB systems, with the former being obtained from diamines and diacids (or 
their derivatives), and cyclic dilactams, and the latter being the product of lactam, amino 
acid, N-carboxyanhydride, or acrylamide polymerization.
32-33
 AA-BB nylons are 
typically formed through a two-step synthesis, as shown in Scheme 3. In the first step the 
diamine and diacid are converted into a salt. Salt formation ensures a stoichiometrically 
balanced ratio of the educts. In the second step, the salt is converted into polyamide under 
condensation conditions (i.e., removal of water). Molecular weight control and 
stabilization are accomplished by addition of a calculated amount of a monofunctional 
acid such as acetic acid. 
 
Scheme 3. General AA-BB nylon two-step synthesis showing the salt formation followed 
by polyamide formation. 
 
 Commercially available AB type nylons, i.e., PA 6 and PA 12, may be produced 
by either anionic or hydrolytic polymerization of their respective lactams; however, 
hydrolytic polymerization is the common industrial method. Hydrolytic polymerization 
of lactams is much more complex than the carboxyl acid-amine polycondensation. Three 
equilibrium reactions, i.e., ring opening, condensation, and addition, are involved in 
nH2N(CH2)6NH2 + nHO2C(CH2)4CO2H
-O2C(CH2)4CO2
-
+H3N(CH2)6NH3
+n
H NH (CH2)6 NHCO (CH2)4 CO OH
n
+ (2n-1) H2O
11 
 
 
  
water-initiated polymerization.
34
 The equilibrium reactions are shown in Scheme 4.
35
 
Generically, hydrolytic polymerization of lactams to their polymeric forms is 
accomplished by heating a lactam and water mixture to high temperature and holding 
until equilibrium conditions are achieved. Trace amounts of chain-terminating additives 
and ring-opening catalysts such as aminocaproic acid or ammonium carboxylates are 
added to control reaction rate, molecular weight, and end group functionality.
36
 Each AB 
system has different reaction conditions depending on the monomer used for 
polymerization. The work in this dissertation focuses on PA 6 and PA 11, which will be 
discussed in detail. 
 
 
Scheme 4. Three principal reaction steps (ring-opening, condensation, addition) in 
hydrolytic ring-opening polymerization utilized to form commercially available AB type 
nylons. 
 
Formation of PA 6 is accomplished by hydrolytic polymerization of 
ε-caprolactam through the three reactions shown above. Tagawa determined that the 
equilibrium processes were influenced by initial water concentration.
37
 Initially a higher 
water concentration is needed to promote ring opening of ε-caprolactam; however, a 
HN (CH2)5 C O +     H2O H2N (CH2)5 COOH
A)     Hydrolytic ring opening:
H [HN(CH2)5CO] OH + H [HN(CH2)5CO] OHm n
H [HN(CH2)5CHO]m+n
OH
- H2O
B)     Condensation:
HN (CH2)5 C O H [HN(CH2)5CO] OHm
HN [(CH2)5CO]m+1
OH+
C)     Caprolactam addition:
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lower water concentration is preferred in the latter stages to favor polycondensation. The 
ring opening and lactam addition reactions are responsible for the conversion of 
ε-caprolactam to polymer, but once equilibrium between polymer and monomer is 
attained, the degree of polymerization is determined only by the polycondensation 
reaction.
38
 PA 11 is formed by polycondensation of 11-aminoundecanoic acid, which is 
already in the amino acid state, and thus hydrolytic ring opening is unnecessary. 
Even though the starting materials may be different both PA 11 and 6 form AB 
type systems in which amine and carboxyl groups are theoretically stoichiometrically 
balanced. End group functionality of AB type PAs should consist of an amine on one end 
of the chain and a carboxylic acid on the other. However, by adding chain terminating 
additives the end group functionality can be controlled. The most common difunctional 
chain-terminating additives are hexamethylene diamine and adipic acid, which create 
amine and carboxylic acid difunctional polymers respectively. More recently researchers 
have been able to utilize the chain-terminating additives to create various end group 
functionalities. Barrere and coworkers
39
 reported the addition of 10-undecenoic acid to 
form an ene-terminated PA 11. 
 While the end group functionality is an important characteristic of PAs, amide 
density is the key difference between PA 11 and PA 6 that effects the physical properties. 
Lower amide density in PA 11, due to longer alkyl chains, lowers crystallinity. This in 
turn lowers melting point and moduli, which may or may not be advantageous depending 
on the application. Lower amide density means lower moisture absorption at any given 
temperature or humidity condition, which is one of the major advantages of PA 11.
40
 
Both PA 6 and 11 share the common characteristics of toughness, high tensile elongation 
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at failure, good general chemical resistance except to acids and phenols, flexibility, 
ability to easily be colored or filled, and processability by extrusion or injection   
molding.
41
 
Overview of Polyisobutylene-Based Thermoplastic Elastomers 
 For many years, efforts have been made toward the use of polyisobutylene (PIB) 
as the soft segment of TPEs. Because PIB is saturated, it will lead to a more oxidatively, 
thermally, and chemically resistant elastomer compared to the unsaturated soft segments 
of polybutadiene and polyisoprene. Kennedy et al. made the first PIB-based TPE, 
poly(α-methylstyrene-b-isobutylene-b-α-methylstyrene) (PαMeSt-b-PIB-b-PαMeSt), by 
initiating bidirectional polymerization of αMeSt using the telechelic tCl-PIB-tCl/Et2AlCl 
initiating system.
42
 Unfortunately, these conditions produced polymers with broad 
molecular weight distributions, which are undesirable for TPE properties. Later Kennedy 
et al.
43
 synthesized polystyrene-b-PIB-b-polystyrene (PS-b-PIB-b-PS) using sequential 
monomer addition under monomer starvation conditions (so-called quasiliving 
polymerization conditions). First a polymerization of isobutylene (IB), under monomer 
starvation conditions, was carried out to a desired molecular weight using a bifunctional 
initiator. Then, styrene was slowly added to the living IB polymerization to form a 
triblock of predetermined length. Unfortunately in addition to the target triblock, side 
reactions led to PIB-b-PS diblocks which were later shown to have an adverse effect on 
TPE properties. 
These problems with PIB-based TPEs were reconciled when the first living 
carbocationic polymerizations (i.e., those not requiring monomer starvation conditions) 
of IB were developed.
44
 Living carbocationic polymerizations are classified as a 
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reversible deactivation polymerization system, characterized by the presence of reversible 
termination and, ideally, the complete absence of irreversible termination and chain 
transfer. Reversible termination causes the chain ends to exist as a rapidly interconverting 
equilibrium between active and dormant species, with most of the chains in the form of 
the dormant species at any given instant in time. 
Several key developments lead to the realization of reversibly terminating living 
polymerizations. Several years earlier, Kennedy and coworkers had developed the use of 
bifunctional initiator-transfer agents (inifers),
42
 primarily p-dicumyl chloride, co-initiated 
with BCl3. These systems were free of chain transfer to monomer, but they were not well 
controlled since initiation was not fast relative to propagation and transfer to initiator was 
operable, both of which tend to broaden molecular weight distribution. 
The inifer system did serve to demonstrate the concepts of controlled, albeit slow, 
initiation and bidirectional growth from a single initiator. Later it was found that the 
addition of common ion salts could convert a conventional polymerization into a living 
one. For example, isobutylene polymerizations catalyzed by TiCl4 may be controlled by 
adding tetrabutyl ammonium chloride.
45
 The chloride ion of the added salt combines with 
TiCl4 to produce common Ti2Cl9- counterions, which shifts the chain end equilibria 
(Winstein spectrum of ionicities) towards lower iconicity. It was also discovered that 
addition of electron donors, i.e., bases, could bring about the same effect. After much 
debate over the role of electron donors, Storey et al.
46
 showed that common ion salts and 
electron donating species have the same general effect on polymerization control by 
suppressing the generation of free ions via the formation of suitable common counter 
ions. For Lewis bases such as substituted pyridines, this easily occurs through the 
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scavenging of protic impurities or water in the system, which has the added benefit of 
suppressing protic initiation. By combining these techniques, triblock PS-b-PIB-b-PS 
TPEs were synthesized using a bifunctional initiator, TiCl4 coinitiator, proton trap, 
moderately polar co-solvent system and temperatures in the range of -70 to -90°C.
47
 The 
general reaction scheme of the IB polymerization can be seen below in Scheme 5. 
 
 
Scheme 5. Living cationic polymerization of isobutylene (IB) utilizing a bifunctional 
initiator. 
 
Once the synthesis of PIB-based TPEs was achieved, many of their mechanical 
properties were tested and compared to PS-b-P(EB)-b-PS, where P(EB) represents 
poly(ethylene-co-butylene). When compared to PS-b-P(EB)-b-PS, PS-b-PIB-b-PS 
elastomer showed superior results for melt viscosity, moldability, flex-fatigue and 
thermal stability.
48
 Table 2 summarizes the comparison of physical properties of PS-
b-P(EB)-b-PS and PS-b-PIB-b-PS. 
Incorporation of PIB soft segments into other types of TPEs, including multiblock 
polyamide types, requires PIB oligomers with appropriate functionality. Subsequent to 
the development of the inifer technique by Kennedy and coworkers, a number of 
post-polymerization routes were developed to yield PIB carrying olefin,
49
 hydroxyl,
50
 
carboxyl,
51
 amine,
52
 and isocyanate end groups.
53
 Of these end groups, so far only 
 
Cl ClCl
 TiCl4
Cl
3:2 methylcyclohexane:
       methylchloride
n n
2,6-lutidine
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carboxyl and isocyanate-terminated PIB have been used to create a soft segment for a 
polyamide type TPE.
53
 
Table 2 
Comparison of Common Physical Properties of PS-b-PIB-b-PS and PS-b-P(EB)-b-PS 
Physical Property PS-b-PIB-b-PS PS-b-P(EB)-b-PS 
Tensile Strength 
(MPa)                
6-17 28 
300% Modulus 
(MPa) 
1-11 4.7 
Elongation at Break 
(%) 
250-1100 500 
Tear Strength, die C 
(kN/m) 
10-78 38 
Compression set, 70 h, RT 25-45 25 
Melt Flow, 190°C, 10 kg 
(g/10 min) 
0.5-88 No flow 
Hardness Shore A2 23-87 76 
Ozone Resistance Excellent Excellent 
Gehman Low Temperature 
Stiffening T5 
-45 -40 
Gehman Low Temperature 
Stiffening T10 
-50 -48 
Air permeability · 10
8
 
(m
2
/Pa·s) 
11.4 171 
 
Due to the tedious nature of the various post-polymerization functionalization 
reactions, researchers began experimenting with the possible placement of desirable 
chain-end functionality through reaction of quasiliving PIB chain ends with suitable 
quenching agents. Unfortunately, most quenching agents decompose the Lewis acid. This 
leads exclusively to tert-chloride end groups (for perchlorinated Lewis acids). However, 
certain highly nucleophilic aromatic substrates undergo Friedel-Crafts alkylation by the 
chain ends instead of reacting with the Lewis acid.  
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Of direct relevance to this work, Martinez-Castro et al. and Morgan et al. have 
shown that N-(ω-bromalkyl)pyrroles54 and ω-bromoalkoxybenzenes55 can undergo 
alkylation by the chain ends to yield telechelic PIB oligomers with useful primary 
halogen end groups. The primary bromide end groups of the pyrrole or phenoxy quencher 
moiety can be converted to primary amine,
52
 azide,
52
 thiol,
56
 and hydroxyl
55
 groups. The 
bromine can easily be converted into an azide through reaction with sodium azide. The 
azide terminal group may be reduced to amine by hydrogenation.
52
 Ummadisetty and 
Kennedy
57
 displaced the bromide ion with phthalimide ion followed by the release of the 
primary amine by reaction with hydrazine (Gabriel synthesis). Primary amine-terminated, 
as well as azide-terminated PIB will be key intermediates in this research because they 
can undergo reactions to couple with PA. 
Click Chemistry 
 Click chemistry describes a variety of reactions designed to generate substances 
quickly and reliably by joining small modular units. Sharpless originally defined click 
chemistry as a reaction that, 
must be modular, wide in scope, give very high yields, generate only inoffensive 
byproducts that can be removed by nonchromatographic methods, and be 
stereospecific (but not necessarily enantioselective). The required process 
characteristics include simple reaction conditions (ideally, the process should be 
insensitive to oxygen and water), readily available starting materials and 
reagents, the use of no solvent or a solvent that is benign (such as water) or easily 
removed, and simple product isolation. Purification – if required – must be by 
18 
 
 
  
nonchromatographic methods, such as recrystallization or distillation, and the 
product must be stable under physiological conditions.
58
 
Azide Alkyne Click Chemistry 
The Huisgen 1,3-dipolar cycloaddition reaction of a dipolarophile (i.e., an alkene 
or alkyne) with a 1,3-dipolar compound (i.e., an azide, nitrile oxide, or diazoalkane) leads 
to a 5-membered cyclic product.
59
 This reaction was initially unable to meet the strict 
click chemistry criteria, specifically by not having simple reaction conditions or 
providing stereospecificity. For example, the azide-alkyne (Huisgen) cycloaddition was 
originally performed at high temperature resulting in two nearly equivalent fractions of 
regioisomers (i.e., 1,4- and 1,5-substituted-1,2,3-triazoles) as shown in Scheme 6.
60
 
However, the Huisgen 1,3-dipolar cycloaddition has recently seen a resurgence of 
popularity, especially in the polymer community, due to the discovery of Cu(I) as a 
catalyst. Sharpless
61
 and Meldal
62
 later reported the synthesis of strictly 1,4-substituted-
1,2,3-triazoles at room temperature (i.e., accelerated reaction rates) through copper (I) 
catalysis. The cycloaddition reaction between an azide and an alkyne is also highly 
exothermic with a ΔH between -210 and -270 kJ/mol.63 Through the use of ruthenium (II) 
catalysts, Zhang et al. discovered the synthesis of strictly 1,5-substituted-1,2,3-triazoles.
64
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Scheme 6. Dipolar cycloadditions between alkynes and azides. 
 Himo
65
 and Hein
66
 investigated the Huisgen and CuAAC mechanism (Scheme 7) 
through Discrete Fourier Transform (DFT) computational calculations and kinetic 
studies. The Huisgen reaction was calculated to have an activation barrier of 25.7-26.0 
kcal/mol, whereas the CuAAC reaction was as much as 11 kcal/mol lower. Further 
kinetic studies on the CuAAC reaction resulted in a second order initial rate law relative 
to catalyst concentration, suggesting a dinuclear mechanism involving two equivalents of 
Cu(I). The dinuclear mechanism was chosen because calculations showed a drop in 
activation energy of approximately 3-6 kcal/mol over the mononuclear mechanism (18.7 
kcal/mol).
67
 This drop in energy is correlated to the observed rate acceleration. 
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Scheme 7. Proposed mechanism for the copper catalyzed azide-alkyne cycloaddition.
66
 
It is believed that copper(I) orders the azide and alkyne such that the substituents 
R and R’ are furthest apart, thereby forming the 1,4-regioisomer. Then, during the 
catalytic cycle, a six membered intermediate develops (Scheme 8) that contains a 
copper(III) alkenylidene (Cu=C=C) bond with a bond angle of 131.4°.
68
 Addition of the 
second Cu(I) atom further orders the reactive species and alleviates the angle strain. The 
second Cu(I) also apparently aids in developing the 5-membered triazole by pushing 
electron density towards the appropriate nitrogen species. These are all speculations, as 
complete knowledge of the catalyst mechanism is unknown. 
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Scheme 8. Proposed intermediates in the formation of triazole rings.
66
 
The reaction can be performed with Cu(I) directly, or Cu(II) can be used to 
generate Cu(I) in situ. Cu(I) can be used directly by the addition of Cu(I) salts,
69
 carbene 
complexes,
70
 Cu(I) on immobile phases,
71
 and copper-containing nanoparticles.
72
 Cu(II) 
can be reduced using purposefully added reducing agents,
73
 electrochemically,
74
 through 
auto reduction via the Glaser coupling reaction,
75
 and photochemically.
76
 The use of 
Cu(II) presents the possibility of controlling activation and allowing for different ways to 
initiate the reaction. 
Click-type reactions have many synthetic advantages, which has led to a profound 
impact and wide scale usage of these chemistries in many areas of research. Various 
literature examples have been reported in biochemistry,
77,78
 surface functionalization,
79,80
 
organic synthesis,
81
 drug discovery,
82
 and in polymer chemistry.
59,83-85
 The first reported 
usage of click chemistry in polymer science was by Hawker, Sharpless, and coworkers,
86
 
and since that time, click chemistry has been demonstrated to have a broad range of 
utility in the field. A few examples include step growth polymerizations of dialkyne and 
diazide monomers/polymers,
87,88
 end group functionalizations,
89,90
 and block copolymer 
synthesis.
91,92
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 Of particular interest in this dissertation is segmented block copolymer formation 
through click chemistry. Opsteen and van Hest synthesized poly(methyl methacrylate) 
(PMMA), polyethylene glycol (PEG) and PS with terminal alkynes and azides which 
were coupled by click chemistry to form tri and diblock copolymers.
91
 The resulting 
copolymers were easily purified and had monomodal, narrow PDIs. PS-b-PVAc 
(polyvinyl acetate) copolymers were also synthesized via click chemistry.
93
 These 
examples suggest that click chemistry is a viable option for the synthesis of block 
copolymers by coupling of pre-formed blocks. As mentioned previously, azide-
terminated PIB can be readily formed via phenoxy quenching of living PIB. A key 
element of this research will be the reaction of azide-terminated PIB with alkyne-
terminated PA to form multi-block copolymers connected by triazole linkages.  
  
23 
 
 
  
CHAPTER II 
SYNTHESIS AND CHARACTERIZATION OF 
POLYISOBUTYLENE-BLOCK-POLYAMIDES AS NOVEL  
THERMOPLASTIC ELASTOMERS  
Introduction 
 Thermoplastic elastomers (TPEs) are a unique class of polymers that display the 
physical properties of a rubber, e.g., softness, flexibility, and resilience, but are capable of 
being processed as a thermoplastic rather than as a thermoset. TPEs have become 
commercially important by virtue of the cost savings and manufacturing simplifications 
conferred by rapid, reversible thermoplastic processing. Examples of applications in 
which TPEs have replaced vulcanized rubbers are seal rings, gaskets, industrial hose, and 
footwear. 
 Typically, a TPE is a segmented block copolymer, either an A-B-A triblock or an 
(A-B)n multi-block copolymer, wherein one segment (e.g. A) is hard (crystalline or 
glassy amorphous domain) and the other segment (B) is soft (rubbery amorphous 
domain).
10
 Hard and soft domains of multi-block TPEs have been prepared from a variety 
of polymer precursors.
94-96
 Of particular interest are polyamide-based TPEs, which were 
introduced in the 1980s by Dow Chemical Co. and Arkema (formerly Atochem) as an 
improvement to the performance range of TPEs. Each company utilized a different 
strategy in the polymer forming reaction used to produce the polyamide hard segment, 
and this resulted in different chemical linkages connecting the hard and soft segments. 
Dow synthesized polyamide-based TPEs by a one-prepolymer procedure in which a pre-
formed soft segment, typically a carboxyl-terminated polyester or polyether, was used in 
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a step-growth polymerization with a monomeric aromatic diisocyanate and a monomeric 
dicarboxylic acid.
19
 The polyamide hard segments were thereby formed in situ, and the 
hard and soft segments were connected via amide linkages. Arkema synthesized 
polyamide-based TPEs by a two-prepolymer method in which an ester linkage was 
incorporated between carboxylic acid-terminated polyamide hard segments and hydroxyl-
terminated poly(oxyalkylene) glycol soft segments.
20
 The amide connecting linkage of 
the Dow method is superior with regard to hydrolytic stability; however, the method is 
limited to the creation of aromatic polyamide hard segments due to relatively low 
reactivity of aliphatic diisocyanates with dicarboxylic acids in the hard-segment-forming 
step polymerization. 
 Herein we explore the development of TPEs based on polyisobutylene (PIB) soft 
segments and polyamide (PA) hard segments. The targeted materials are composed of 
aliphatic PA blocks connected to PIB soft segments via amide linkages, thus combining 
the advantages of the Dow and Arkema type materials. PIB is an inert material with 
excellent resistance properties and would therefore be optimal as a soft segment for 
polyamide-based TPEs in certain applications, provided the availability of oligomeric 
PIBs with appropriate functionality, i.e., aliphatic primary amine. Zaschke and Kennedy
53
 
previously reported a method for the synthesis of PIB-based polyamide TPEs involving 
reaction of either carboxylic acid- or isocyanate-terminated PIBs with low molecular 
weight dicarboxylic acids and diisocyanates (one-prepolymer method). However, 
synthesis of the functional PIB oligomers was tedious, and pre-formed aliphatic PA 
oligomers were not investigated. The recently developed technique of quenching living 
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PIB with -haloalkoxybenzenes55 has provided a facile method to produce well-defined 
PIBs with quantitative end functionality. 
Experimental 
Materials 
Hexane (anhydrous, 95%), titanium tetrachloride (TiCl4) (99.9%), 2,6-lutidine 
(redistilled, 99.5%), (3-bromopropoxy)benzene (96%), tetrahydrofuran (THF) 
(anhydrous, 99.9%), 1-methyl-2-pyrrolidinone (NMP) (anhydrous, 99.5%), phthalimide 
potassium salt (98%), hydrazine monohydrate (98%), ethanol (99.5%), dichloromethane 
(DCM) (99.8%), 2,2,2-trifluoroethanol (TFE), 11-aminoundecanoic acid (11-AUA) 
(97%), adipic acid (AA) (99%), ε-caprolactam (-CAP) (99%), trifluoroacetic anhydride 
(99%), chloroform and chloroform-d (CDCl3) were purchased from Sigma-Aldrich and 
used as received. Heptane, methanol and anhydrous magnesium sulfate (MgSO4) were 
purchased and used as received from Fisher Scientific. Isobutylene (BOC Gases) and 
methyl chloride (Alexander Chemical Corp.) were dried by passing the gases through 
columns of CaSO4/molecular sieves/CaCl2 and condensed within a N2-atmosphere 
glovebox immediately prior to use. The difunctional initiator, 5-tert-butyl-1,3-di(1-
chloro-1-methylethyl)benzene (bDCC), was synthesized as previously reported
97
 and 
stored at 0°C. 
Instrumentation 
 Nuclear magnetic resonance (NMR) spectra were obtained using a 300 MHz 
Varian Mercury
plus
 NMR (VNMR 6.1C) spectrometer. Standard 
1
H and 
13
C pulse 
sequences were used. Composite pulse decoupling was used to remove proton coupling 
in 
13
C spectra. All 
1
H chemical shifts were referenced to TMS (0 ppm), and all 
13
C shifts 
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were referenced to the CDCl3 solvent resonance (77.0 ppm) as well as the TFE solvent 
resonance (60.5 ppm). PIB samples were prepared by dissolving in CDCl3 (20-50 
mg/mL) and charging the resulting solution to a 5 mm NMR tube. PA and copolymer 
(PIB-PA) samples were prepared by dissolving in TFE:CDCl3 (4:1, v:v)
98
 (15-25 mg/mL) 
and charging the resulting solution to a 5 mm NMR tube. 
 Number-average molecular weights ( ) and polydispersities (PDI = ) 
were determined using a gel-permeation chromatography (GPC) system consisting of a 
Waters Alliance 2695 separations module, an online multi-angle laser light scattering 
(MALLS) detector fitted with a gallium arsenide laser (power: 20 mW) operating at 658 
nm (miniDAWN TREOS, Wyatt Technology Inc.), an interferometric  refractometer 
(Optilab rEX, Wyatt Technology Inc.) operating at 35°C and 658 nm, and two PLgel 
(Polymer Laboratories Inc.) mixed E columns (pore size range 50-10
3
 Å, 3 µm bead 
size). Freshly distilled THF served as the mobile phase and was delivered at a flow rate 
of 0.5 mL/min. Sample concentrations were ca. 15-20 mg of polymer/mL of DCM:THF 
(1:1), and the injection volume was 100 µL. The detector signals were simultaneously 
recorded using ASTRA software (Wyatt Technology Inc.), and absolute molecular 
weights were determined by MALLS using a dn/dc calculated from the refractive index 
detector response and assuming 100% mass recovery from the columns. 
 Real-time ATR-FTIR monitoring of isobutylene polymerizations was performed 
using a ReactIR 4000 (Mettler-Toledo) integrated with a N2-atmosphere glovebox 
(MBraun Labmaster 130).
99
 Isobutylene conversion during polymerization was 
determined by monitoring the area, above a two-point baseline, of the absorbance 
centered at 887 cm
-1
, associated with the =CH2 wag of isobutylene. 
nM w nM /M
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 Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry 
(MALDI-TOF-MS) was performed using a Bruker Microflex LRF MALDI-TOF mass 
spectrometer equipped with a nitrogen laser (337 nm) possessing a 60 Hz repetition rate 
and a 50 µJ energy output. Polyamide samples were prepared using the solvent-free 
method,
39
 wherein matrix (2,5-dihydroxybenzoic acid) (DHB) and solid polyamide (10:1 
weight ratio) were finely ground together, and the resulting powder was applied directly 
to a MALDI sample target for analysis. PIB samples were prepared using the dried-
droplet method. For PIB homopolymer, a 20 mg/mL matrix (α-cyano-4-hydroxycinnamic 
acid) solution, a 10 mg/mL cationizing agent (sodium trifluoroacetate) (NaTFA) solution, 
and a 10 mg/mL polymer solution, all in THF, were mixed in a volumetric ratio of 
matrix/sample/cationizing agent = 10:2:1, and then a 0.5 µL aliquot was applied to a 
MALDI sample target for analysis. All spectra were obtained in the positive ion mode 
utilizing the reflector mode micro-channel plate detector and are the sum of 900-1000 
shots. 
Preparation and Characterization of Polyisobutylenes 
 Synthesis of α,ω-bis[4-(3-Bromopropoxy)phenyl]polyisobutylene. Difunctional, 
primary-bromide-terminated PIBs were synthesized by living carbocationic 
polymerization of IB using the bDCC/TiCl4 initiation system in 40/60 hexane/methyl 
chloride cosolvents at -70C, following by in situ quenching with 3-
bromopropoxybenzene.
55
 Reaction formulations are given in Table 3. The following 
procedure for PIB-2000 (entry 2 of Table 3) is representative: Under a N2 atmosphere, 
117.2 mL of hexane and 175.8 mL of methyl chloride were chilled to -70°C and charged 
to a four-neck 1L round-bottom flask equipped with an overhead mechanical stirrer, 
28 
 
 
  
thermocouple, and infrared probe. To the 40/60 (v/v) hexane/methyl chloride solvent 
mixture were added 14.36 g (50 mmol) of bDCC initiator and 0.14 mL (1.2 mmol) of 2,6-
lutidine. A final molecular weight near 2,000 g/mol was targeted for the primary 
bromide-terminated PIB by charging the reactor with 97.1 mL (67.8 g, 1.21 mol) of 
isobutylene. After thermal equilibration, the polymerization was initiated with 0.25 mL 
(2.3 mmol) of TiCl4. After the initial reaction exotherm had passed, a second 0.25 mL 
charge of TiCl4 was added at 20 min to lessen the total polymerization time. After 
complete monomer conversion was attained (54 min), 31.5 mL (200 mmol) of 
3-bromopropoxybenzene was charged to the reactor along with an additional 21.4 mL 
(195 mmol) of TiCl4 to increase the rate of 3-bromopropoxybenzene alkylation. After 5 
h, the catalyst was destroyed by addition of excess methanol, and the PIB was isolated by 
precipitation into methanol. The PIB was dissolved in hexane and washed with excess DI 
water. The organic layer was collected and dried over magnesium sulfate (MgSO4) and 
the residual solvent was removed via rotary evaporation.
  
 
  
2
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Table 3 
 
Formulations for Isobutylene Polymerizations and Quenching Reactions 
 Polymerization  Quench  (g/mol)  
Sample [bDCC] 
(mol/L) 
[TiCl4] 
(mmol/L) 
Time 
(h) 
 [TiCl4]/ 
[CE] 
Time 
(h) 
 GPC Titration MALDI PDI 
(GPC) 
PIB-1000 0.474 8.1 1.1  2.0 5.1  1080 990 1030 1.08 
PIB-2000 0.124 11 0.9  2.0 5.0  2080 1990 1980 1.03 
 
Note. 40/60 (v/v) Hexane/methyl chloride, -70C; [IB] = 3.0 M; [2,6-lutidine] = 3.0 x10-3 M; 
[CE] = 2 x [bDCC]; [3-bromopropoxybenzene]/[CE] = 2.0 
nM
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Synthesis of α,ω-bis[4-(3-Phthalimidopropoxy)phenyl]polyisobutylene. 
Difunctional primary bromide-terminated PIB (100 g) was dissolved in 400 mL THF, and 
200 mL NMP was added to increase the polarity of the medium. Potassium phthalimide 
(60 g) was added, and the mixture was refluxed at 85°C for 4 h. After cooling, the 
solution was washed with excess DI water, and the organic layer was collected and dried 
over MgSO4. The residual solvent was removed via rotary evaporation. 
 Synthesis of α,ω-bis[4-(3-Aminopropoxy)phenyl]polyisobutylene. Difunctional 
phthalimide-terminated PIB (50 g) was dissolved in a mixture of heptane (200 mL) and 
ethanol (200 mL). To this solution was added hydrazine hydrate (25 g), and the mixture 
was refluxed at 105°C for 5 h. After cooling, the solution was washed with excess DI 
water, and the organic layer was collected and dried over MgSO4. The residual solvent 
was removed via rotary evaporation, and the resulting polymer was dried under vacuum 
overnight. 
Titration of amine end groups of α,ω-bis[4-(3-Aminopropoxy)phenyl]-
polyisobutylene. Acid-base titration was used to determine molecular weight of the final 
amine-terminated PIBs. Amine-terminated PIB (1 g) was weighed into a 125 mL 
Erlenmeyer flask equipped with a magnetic stir-bar, and the weight of the PIB was 
recorded to the nearest 1 mg.  Freshly distilled THF ( 25 mL) was added to the flask 
along with several drops of an aqueous solution of thymol blue (0.04 wt%) as the pH 
indicator. After dissolution of the PIB, the initially yellow THF solution was titrated with 
standardized 0.1 N aqueous HCl solution to a pink end point.  
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Preparation and Characterization of Polyamides 
 Melt polycondensation reactions. A 100 mL round bottom flask, equipped with a 
magnetic stir bar and a nitrogen inlet and outlet, was charged with adipic acid (AA) and 
either 11-aminoundecanoic acid (11-AUA) or ε-caprolactam (ε-CAP). Specific 
formulations are shown in Table 4. The flask was purged with nitrogen for 15 min, and 
then immersed into a preheated oil bath at 220°C for 5 h, with stirring of the contents 
under nitrogen. Products were transparent and viscous in the molten state. Upon cooling, 
products solidified into tough off-white plugs. The polyamide plug was removed from the 
flask and crushed with a mortar and pestle. The polyamide powder was extracted with 
methanol for 24 h using a Soxhlet apparatus.  
 N-Trifluoroacetylation modification of polyamides. Carboxyl-terminated PA (0.5 
g) was weighed into a 100 mL round bottom flask equipped with a magnetic stir-bar. 
DCM (50 mL) was added to the flask along with trifluoroacetic anhydride (0.1 mL). The 
reaction was stirred for 19 h, during which the solid PA dissolved. The solution was 
washed three times with DI water, dried over MgSO4 and collected by filtration. Samples 
were stored in the freezer. The trifluoroacetylated PAs were used for GPC analysis. The 
same procedure was used for the PIB-PA copolymers. 
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Table 4 
Formulations for Polyamide Melt Polycondensation Reactions 
  Component (g)  Yield  (g/mol)  PDI 
Sample  AA 11-AUA -CAP  (%)a  GPC Titration MALDI  (GPC) 
PA-11-1000  9.00 61.99 -  84  1,020 1020 800  1.16 
PA-11-2000  5.22 71.91 -  93  1,880 1900 1770  1.21 
PA-6-1000  7.50 - 58.05  89  1,050 1060 860  1.15 
PA-6-2000  5.03 - 77.40  90  1,930 1960 1530  1.19 
 
Note. a Yield (%) = mass of polymer product recovered/(mass of monomer reactants – theoretical water of condensation). 
 
 Titration of carboxylic acid end groups of polyamides. Carboxyl-terminated PA 
(0.5 g) was weighed into a 125 mL Erlenmeyer flask equipped with a magnetic stir-bar, 
and the mass of the PA was recorded to the nearest 1 mg. Benzyl alcohol (25 mL) was 
added to the flask along with several drops of an aqueous solution of cresol red as the pH 
indicator. The mixture was heated to 110°C to dissolve the polymer, and then the initially 
yellow solution was titrated with standardized 0.1 M aqueous KOH solution to a purple 
end point. 
Preparation of Polyisobutylene-b-Polyamide Copolymers 
 To a 100 mL round-bottom flask, equipped with a magnetic stir bar and a nitrogen 
inlet and outlet, were added primary amine-terminated PIB and either carboxylic acid-
terminated PA-11 or PA-6. Specific recipes are shown below in Table 5. The flask was 
purged with nitrogen for 15 min, and then immersed into a preheated oil bath at 215°C 
for 5 h, with stirring of the contents under nitrogen. Products were transparent and 
viscous in the molten state. Upon cooling, products solidified into tough light-yellow or 
nM
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off-white solids. Each block copolymer was then formed into a compression-molded 
sheet (approximately 0.5 mm thickness) using a Carver press. Conditions for 
compression molding were: ≈20°C above the melting point of the PA block, ≈20 kN, 5 
min.
  
 
  
3
4
 
Table 5 
Formulations for PIB-PA Copolymer Polycondensation Reactions 
       Yield   
Sample PIB-1k PIB-2k PA-11-1k PA-11-2k PA-6-1k PA-6-1k (%)
a
 (g/mol) (g/mol) 
PIB-PA-11-1:1 10.00 - 10.33 - - - 89 19300 26960 
PIB-PA-11-1:2 7.50 - - 14.23 - - 86 20600 37130 
PIB-PA-11-2:1 - 12.50 6.55 - - - 83 15100 26650 
PIB-PA-11-2:2 - 10.00 - 9.77 - - 90 19900 27290 
PIB-PA-6-1:1 10.00 - - - 10.52 - 89 10200 16830 
PIB-PA-6-1:2 7.50 - - - - 14.73 86 8100 14020 
PIB-PA-6-2:1 - 12.50 - - 6.77 - 81 8400 12980 
PIB-PA-6-2:2 - 10.00 - - - 10.11 91 9300 14180 
 
Note. aYield (%) = mass of polymer product recovered/(mass of monomer reactants – theoretical water of condensation). 
nM wM
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Results and Discussion 
 The procedure used to synthesize multiblock (PIB-PA)n TPEs (Scheme 9) is a 
modification of the Arkema two-prepolymer method. Two different difunctional 
carboxyl-terminated PA hard segments were investigated. A polyamide 6 (PA-6) 
prepolymer was formed by ring-opening polymerization of -caprolactam, and a 
polyamide 11 (PA-11) prepolymer was formed by step polymerization of 
11-aminoundecanoic acid. In both cases, adipic acid was used to control molecular 
weight and produce carboxylic acid end groups. In parallel, difunctional primary amine-
terminated PIB (NH2-PIB-NH2) was synthesized via cationic polymerization utilizing in 
situ quenching and post-polymerization modification. In a final step, carboxyl-terminated 
PA was reacted with primary amine-terminated PIB in a melt polycondensation reaction 
to form the amide linkages that connect the hard PA segments to the soft PIB segments. 
Synthesis of α,ω-bis[4-(3-Aminopropoxy)phenyl]polyisobutylene 
 Difunctional primary-amine-terminated PIB (NH2-PIB-NH2) was synthesized in 
two steps: (1) living polymerization of IB from bDCC initiator, followed by in situ 
quenching with 3-bromopropoxybenzene to yield difunctional primary bromide-
terminated PIB and (2) post-polymerization transformation of the primary bromide 
groups to primary amine. Two literature routes for the latter transformation were 
considered. Morgan and Storey displaced bromide with azide ions and then reduced 
the azide to primary amine via catalytic hydrogenation.
52
 Ummadisetty and Kennedy 
displaced bromide with phthalimide ion followed by release of the primary amine by 
reaction with hydrazine (Gabriel synthesis).
57
 We found that the azide/hydrogenation 
route was inefficient in comparison to the Gabriel synthesis; therefore, we used a 
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modification of the latter route to form our difunctional primary amine-terminated PIB 
prepolymers. 
 
Scheme 9. General synthetic strategy for (PIB-PA)n TPEs. 
 In step 1, quantitative quenching was attained by directly adding an excess (2 
equiv per chain end) of 3-bromopropoxybenzene to TiCl4-catalyzed living PIB in 40/60 
(v/v) hexane/methyl chloride at -70°C. Figure 1 (spectrum A) shows the 
1
H NMR 
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spectrum of a representative difunctional bromide-terminated PIB. Addition of the 3-
bromopropoxybenzene to the PIB chain end is indicated by the disappearance of the 
resonances at 1.68 and 1.96 ppm (due to the gem-dimethyl and methylene protons of the 
ultimate repeat unit of tert-chloride PIB) and appearance of the resonances at 1.79, 2.30, 
3.60, 4.07, 6.81, and 7.24 ppm (due to the 3-bromopropoxyphenyl moieties). In step 2, 
the bromide-terminated PIB was converted into the corresponding phthalimide by 
reaction with potassium phthalimide in a refluxing 67/33 (v/v) THF/NMP solution at 
80°C for 4 h. Figure 1 (spectrum B) shows the 
1
H NMR spectrum of the resulting 
polymer, where conversion to phthalimide is evidenced by an upfield shift in the tether 
methylene resonance from 2.30 to 2.17 ppm (labeled b). We noted that complete solvent 
removal was difficult for the phthalimide intermediate, as remaining NMP is revealed in 
the spectrum by resonances at 3.37, 2.84, 2.37, and 2.01 ppm and THF is revealed by the 
resonance at 3.76 ppm. However, this was not an issue since the NMP was always easily 
removed in the following step. The phthalimide end group was readily converted to 
primary amine via hydrazinolysis by reaction with hydrazine monohydrate in a refluxing 
50/50 (v/v) heptane:ethanol solution at 105°C for 5 h. Figure 1 (spectrum C) shows the 
1
H NMR spectrum of the resulting telechelic primary amine-terminated PIB, where 
conversion to primary amine is indicated by an upfield shift in the tether methylene 
resonances at 3.90 and 2.17 ppm to 2.91 (a) and 1.91 (b) ppm, respectively. Integration of 
the alkyl tether resonances (see integration data, Figure 1) in comparison with integration 
of the aromatic initiator resonance (7.17 ppm) showed quantitative formation of 
difunctional, telechelic primary amine-terminated PIB. The spectrum also indicates that 
the final product is essentially free of NMP and other solvents. Figure 2 shows the 
13
C 
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NMR spectrum of primary amine-terminated PIB. This spectrum was used in comparison 
with the spectrum obtained for PIB-PA to confirm the formation of the amide linkage. 
 Two NH2-PIB-NH2 samples were prepared for subsequent use in PIB-PA block 
copolymer synthesis, with targeted molecular weights of 1,000 (PIB-1000) and 2,000 
(PIB-2000) g/mol, respectively. Table 3 lists number average molecular weights ( ) 
for these two samples determined by GPC, amine end group titration, and MALDI-TOF 
mass spectrometry, along with polydispersity index (PDI) determined by GPC. MALDI 
spectra gave molecular weights consistent with the titration results, whereas GPC gave 
molecular weights that were slightly higher than those determined by the other two 
methods. Overall, experimental molecular weights were close to the theoretical targets, 
and the three methods yielded data that were in close agreement. 
nM
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δ, ppm 
 
Figure 1. 
1
H NMR (300 MHz, CDCl3, 22°C) spectra of (A) 
α,ω-bis[4-(3-bromopropoxy)phen-yl]polyisobutylene, (B) 
α,ω-bis[4-(3-phthalimidopropoxy)phenyl]polyisobutylene, (C) 
α,ω-bis[4-(3-aminopropoxy)phenyl]polyisobutylene with peak integrations. 
 
012345678
δ, ppm
3
.0
0
4
.0
4
4
.0
7
3
.9
8
3
.9
7
8
.0
1
e
d c
m
a b
g
k
i
l
f
n
h
j
Br O
n
a
b
c d
f
e g
h
i
j
k
l
m
n
a g
h
i
j
k
l
m
n
m
d c a
b
k
g
f
l
ih
j
4
.0
7
3
.0
0
4
.0
5
3
.9
8
3
.9
7
b
c d e
f
e
7
.9
9
OH2N
n
A.)
C.)
5
.2
0
5
.1
7
4
.0
0
4
.0
6
3
.9
8
4
.0
3
8
.0
3
op e
m
d ca b
k g
i
f
l
n
h
j
o g
h
i
j
k
l
m
n
b
a c ed
p
f
B.)
N
O
O
O
n j
)
A)
40 
 
 
  
 
Figure 2. 
13
C NMR (75 MHz, TFE:CDCl3 (4:1), 22°C) spectrum of 
α,ω-bis[4-(3-aminopropoxy)phenyl]polyisobutylene. 
 
 MALDI-TOF-MS also provided confirmation of PIB structure. Figure 3 shows a 
MALDI spectrum of primary amine-terminated PIB (PIB-2000).  The spectrum displays 
two major distributions, the more intense of which is composed of peaks that correspond 
to PIB with protonated amine end groups. The second distribution corresponds to 
sodiated end groups, which form due to the use of NaTFA as the cationizing agent. From 
regression analysis of a plot of the masses of the protonated peaks vs. their degree of 
polymerization, a linear relationship with a regression slope of 56.15 and intercept of 
517.53 was obtained. This indicates that the polymer consists of a number of isobutylene 
repeat units plus a residual mass of 517.53 g/mol, representing end groups and initiator 
residue. The theoretical molecular weight of end groups and initiator residue for the 
target structure (C34H49N2O2
+
) totals 517.77 g/mol, which agrees nearly perfectly with the 
observed value. This provides strong evidence that the primary amine-terminated PIB 
structure was achieved.  
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Figure 3. MALDI-TOF mass spectrum of α,ω-bis[4-(3-bromopropoxy)phenyl]-
polyisobutylene (PIB-2000) prepared by the dried droplet method with α-cyano-4-
hydroxycinnamic acid as the matrix, NaTFA as the cationizing agent, and THF as the 
solvent. 
 
Synthesis of Carboxylic Acid-Terminated Polyamides 
 Preparation of aliphatic PAs from ω-amino acids was first reported by Coffman 
and coworkers in 1948.
100
 By using an ω-amino acid the amide-forming functionalities, 
i.e., carboxylic acid and amine, are inherently balanced which allows for a condensation 
reaction void of side reactions. Alternatively, ring-opening polymerization of lactams 
also yields balanced functional groups and is commonly used in the formation of PAs.
29
 
In either case, a difunctional carboxylic acid or amine may be introduced into the system 
to control the molecular weight as well as the end group functionality. We used both 
types of reactions in the formation of our PA hard segments. 
 Carboxyl-functionalized PA-11 was synthesized by combining 
11-aminoundecanoic acid with adipic acid under N2 at 220°C for 5 h. The ratio of 
11-aminoundecanoic acid to adipic acid was dictated by the degree of polymerization 
necessary to achieve a  of either ~1,000 or 2,000 g/mol. Figure 4 shows a 
13
C NMR 
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spectrum of the resulting difunctional carboxyl-terminated PA-11-1000. The spectrum 
was acquired using the cosolvent system of TFE:CDCl3, which has been reported
101
 to 
reveal features of PA-11, such as end groups and cis isomers, which are typically 
masked. The carbonyl region of the spectrum shows four peaks. The two major peaks at 
175.60 (6) and 176.32 ppm (6), were assigned to amide carbonyl carbons of the adipic 
acid and 11-aminoundecanoic acid residues, respectively. The two minor peaks between 
178-179 ppm have been tentatively assigned to carbonyl carbons of carboxylic end 
groups; the larger of these was logically assigned to terminal 11-aminoundecanoic acid 
residues, and the smaller to terminal adipic acid residues. Assignments of carbons within 
the aliphatic region were made according to Davis et al.
101
 
 
Figure 4. 
13
C NMR (75 MHz, TFE:CDCl3 (4:1), 22°C) spectrum of carboxyl-terminated 
PA-11-1000. 
 
 Carboxyl-functionalized PA-6 was synthesized by ring-opening polymerization of 
ε-caprolactam in the presence of adipic acid under N2 at 220°C for 5 h. The ratio of 
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ε-caprolactam to adipic acid was dictated by the degree of polymerization necessary to 
achieve either a MW of ~1,000 or 2,000 g/mol. Figure 5 shows a 
13
C NMR spectrum of 
the resulting difunctional carboxyl-terminated PA-6-2000. Due to the shorter length of 
the PA-6 repeat unit, each carbon within internal ε-caprolactam repeat units could be 
unambiguously assigned to a unique resonance (labeled 1-6), in contrast to PA-11 where 
the central six carbons were observed to be essentially coincident. Carboxylic acid end 
groups were also present slightly upfield of the major carbonyl peak from ε-caprolactam 
(177.8 ppm). In addition, three unique resonances of internal adipic acid repeat units 
could also be unambiguously assigned (labeled 7-9). 
 
Figure 5. 
13
C NMR (75 MHz, TFE:CDCl3 (4:1), 22°C) spectrum of carboxyl-terminated 
PA-6-2000. 
 
 GPC could not be directly performed on the PAs, because strong hydrogen 
bonding between the amide groups prevents dissolution in THF and other common GPC 
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solvents. However, it has been reported that upon N-trifluoroacetylation
102
 of the amide 
groups (see Scheme 10), both PA-6 and PA-11 become soluble in common solvents 
including THF and DCM. We therefore conducted the N-trifluoroacetylation reaction in 
DCM and obtained clear solutions of the modified PAs in DCM. However, we found that 
upon isolation of the N-trifluoroacetylated PAs, by vacuum evaporation of DCM and 
excess trifluoroacetic acid and trifluoroacetic anhydride, as described by Jacobi et al.,
102
 
the resulting solids were difficult to dissolve in THF or re-dissolve in DCM. We thus 
developed a modified procedure in which the DCM solutions obtained directly from the 
reaction were purified by water extraction followed by chemical drying (MgSO4). A 
small aliquot of the resulting solution was diluted with appropriate quantities of 
anhydrous THF and DCM to achieve the desired polymer concentration in a standard co-
solvent mixture of THF:DCM (1:1) (v/v). This solution was then injected directly into the 
GPC, which utilized a 100% THF mobile phase. For consistency, PIB homopolymer 
samples were also introduced to the GPC columns as solutions in THF:DCM. The 
addition of trifluoroacetyl groups significantly increases the MW of the PA, thereby 
decreasing the elution time and increasing the molecular weights calculated from 
MALLS.  Thus, molecular weights of the unmodified PAs, reported in Table 4, were 
calculated from the measured molecular weights of the modified polymers by subtracting 
the mass gained due to N-trifluoroacetylation, assuming 100% trifluoroacetylation of all 
available amide groups. 
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Scheme 10. Trifluoroacetylation reaction of a generic polyamide. 
 Acid-base titrations were also used to determine  of the carboxyl-terminated 
PA to supplement results from GPC and MALDI. These values are listed in Table 4, and 
they agree well with the other methods, especially GPC. 
 Figure 6 shows a MALDI-TOF mass spectrum of carboxyl-terminated 
PA-11-2000. The spectrum shows one major distribution suggesting only 
carboxyl-terminated PA is present. From the regression analysis of a plot of the masses of 
these peaks vs. their degree of polymerization, a linear relationship with a regression 
slope of 183.33 and intercept of 146.86 was obtained. This indicates the polymer consists 
of a number of 11-aminoundecanoic acid repeat units (FW = 183.29 g/mol) plus a 
residual value of 146.86 g/mol, representing a single adipic acid moiety. The intercept 
value (146.86) is consistent with the molecular weight of adipic acid (146.14 g/mol), 
suggesting that the PA segment consists of one adipic acid unit placed randomly among a 
number of 11-aminoundecanoic acid repeat units. Similar regression analyses of the PA-
11-1000 and both PA-6 MALDI spectra indicate similar chain structures, e.g., for PA-6-
2000, the intercept value was 146.54, corresponding closely to the formula weight of 
adipic acid.  Number-average molecular weights were calculated from the spectra and are 
shown in Table 4. 
nM
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Figure 6. MALDI-TOF mass spectrum of PA-11-2000 prepared by the solvent-free 
method
39
 with 2,5-DHB as the matrix. 
 
Synthesis of Polyisobutylene-b-Polyamide Copolymers 
 Polyisobutylene-b-polyamides (PIB-PA) were originally synthesized by Zaschke 
and Kennedy
53
 in 1995. By using a one prepolymer (Dow) method, they were able to 
create PIB-PA copolymers in which the hard segment and copolymer were formed 
simultaneously. Due to the polar nature of the hard segment and the nonpolar nature of 
the soft segment, Zaschke et al. discussed solubility issues, which they addressed with a 
co-solvent mixture of tetramethylene sulfone (TMS)/xylene. Our synthesis utilizes a two 
prepolymer (Arkema) method, and we have found that the synthesis can be carried out in 
bulk as a melt polycondensation. This represents a significant simplification and cost 
saving, since no organic solvent is required and, more importantly, no solvent must be 
removed from the block copolymer product. 
 PIB-PA copolymers were synthesized by combining PIB and PA-6 or 11 under N2 
at 215°C for 5 h. The liquid PIB and solid PA prepolymers were observed to be initially 
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immiscible when mixed together at room temperature. However, immediately upon 
heating to the reaction temperature (above the melting point of the PA) the two 
prepolymers began to react, as evidenced by the appearance of bubbles due to evolved 
water, and to coalesce into a single phase. The single phase mixture was turbid 
throughout the course of the polymerization, but tended to become less so as the reaction 
progressed, and as the evolution of water subsided, as shown in Figure 7. For comparison 
a non-reactive PIB (Glissopal 2300) was mixed with PA 6 and showed two distinct layers 
throughout the entire reaction, especially when cooled after being in the melt. 
 
Figure 7. Photo-images of a PIB-2000 and PA-6-2000 melt polycondensation reaction as 
a function of time.  
  
 Reactions were formulated such that end group equivalents were theoretically 
balanced, based on GPC number average molecular weights and assuming a functionality 
of two for each prepolymer; the goal was to synthesize the theoretically highest MW 
possible. Specific formulations are shown in Table 5. Figure 8 shows the 
13
C NMR 
Pre-heat 0 min 1 min 2 min 10 min 30 min
60 min 120 min 180 min 240 min 300 min 5 min post
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spectrum of a representative PIB-PA block copolymer (PIB-PA-11-2:2). The difference 
in polarity of PA segments and PIB segments required the use of a TFE:CDCl3 cosolvent 
system for NMR analysis. Resonances for both the PIB and PA blocks are present in the 
spectrum and have been assigned to specific carbons. Changes in the chemical shifts of 
key end group resonances relative to the starting prepolymers provide evidence for block 
copolymer formation. In the PIB block, the ultimate tether methylene carbon (x), adjacent 
to the amide block junction, is observed at 28 ppm in Figure 8; however, in the PIB 
prepolymer, this carbon is adjacent to a primary amine and is observed further downfield 
at 30 ppm. A similar shift is observed for the tether methylene carbon (v) from 66.5 to 
65.5 ppm. The other PIB tether resonance that would be expected to show a shift (w) is 
obscured by the resonances from the PA segment. Another significant feature of the 
block copolymer spectrum is the absence of the 178 ppm peak corresponding to the 
carbonyl carbon of the carboxylic acid end groups of PA. 
49 
 
 
  
 
Figure 8. 
13
C NMR (75 MHz, TFE:CDCl3 (4:1), 22°C) spectrum of PIB-PA-11-2:2. 
 Selective solvent extraction was applied to representative samples in Table 5, to 
provide further evidence for block copolymer formation. Aliphatic hydrocarbon solvents, 
e.g. hexanes, are excellent solvents for PIB homopolymer but are non-solvents for PA 
homopolymer and PIB-PA multi-blocks. Accordingly, crude PIB-PA was extracted with 
refluxing hexanes for 72 h using a Soxhlet apparatus. For sample PIB-PA-11-2:2, the loss 
in mass was 2.8%; for sample PIB-PA-6-1:2, the loss in mass was 0.8%. These numbers 
are low and suggest that all or nearly all PIB chains reacted with PA chains to form 
copolymers. The amount of extracted material was too low for compositional analysis of 
the extract. We were not able to identify a solvent that is a good solvent for PA and also a 
non-solvent for PIB-PA. 
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 Figure 9 shows gel permeation chromatography (GPC) traces for amine-
terminated PIB, trifluoroacetylated PA-6, and trifluoroacetylated PIB-PA-6. In order to 
directly compare all three polymer traces, sample solutions were prepared in THF:DCM 
(1:1) (v/v); the GPC mobile phase remained 100% THF. The GPC trace of bromide-
terminated PIB has the longest elution time, thus indicating the lowest molecular weight 
and considerably lower molecular weight than the PA-6 sample. This reflects the fact that 
N-trifluoroacetylation increases the molecular weight of PA-6-2000 by 80%; if it could 
be obtained, the GPC trace for unmodified PA-6-2000 would be closer in elution volume 
to PIB-2000. The appearance of a tail at longer elution times for N-trifluoroacetylated 
PIB-PA-6-2:2 suggests the presence of lower molecular weight chains and is consistent 
with its synthesis via polycondensation. 
 
Figure 9. GPC differential refractive index traces of α,ω-bis[4-(3-amino)phenyl]-
polyisobutylene (2000 MW) (dotted line), trifluoroacetylated PA-6-2000 (dashed line), 
and trifluoroacetylated PIB-PA-6-2:2 (solid line). 
 
 Number-average molecular weights (and polydispersities) were calculated from 
the chromatograms of each of the block copolymers and are shown in Table 5. The 
molecular weights of PIB-PAs based on PA-11 were consistently higher than those based 
8 10 12 14 16 18
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PIB
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on PA-6. This is possibly related to poorer phase mixing of PIB and PA during bulk 
polycondensation for the more polar PA-6.  
 A ladder study was run in order to determine the ratio of PIB to PA that would 
yield the highest molecular weight for a particular PIB-PA sample, specifically     
PIB-PA 11 2:2. The amounts of PIB varied from 47 to 53 molar percent. Table 6 shows 
the results of the ladder study, which demonstrates that the 50/50 molar ratio yields the 
highest molecular weight. The other ratios show varying molecular weights, but none of 
the results were high enough for further investigation. 
Table 6 
Ladder Study of PIB-PA 11 2:2 
PIB (molar %) PA (molar %) (g/mol) 
50 50 19900 
53 47 11610 
52 48 14250 
51 49 8395 
49 51 11160 
48 52 9505 
47 53 12590 
 
Conclusions 
 We have demonstrated a viable two-prepolymer, bulk polycondensation approach 
to the synthesis of PIB-PA multiblock copolymers. The use of in situ end quenching of 
PIB allowed for facile conversion to primary amine-terminated PIB. A series of PIB-PA 
multiblock copolymers, with varying molecular weights of each block, were synthesized 
via an amidation reaction in bulk to form novel TPEs. NMR and MALDI-TOF-MS were 
nM
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used to confirm the structure of the prepolymers as well as the copolymers, while GPC, 
titrations, and MALDI-TOF-MS were used to determine the number-average molecular 
weights of both the prepolymers and copolymers. In future work we plan to fully 
examine the physical and mechanical properties of this series of PIB-PA copolymers. 
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CHAPTER III 
THERMAL, PHYSICAL, AND MECHANICAL PROPERTY STUDIES OF 
POLYISOBUTYLENE-BLOCK-POLYAMIDES 
Introduction 
 Thermoplastic elastomers (TPEs) display properties of conventional thermoset 
rubbers at normal use temperatures yet can be processed at elevated temperatures like 
thermoplastics, e.g., by extrusion or injection molding. TPEs derive their unique 
properties from thermally reversible crosslinks, which are most often in the form of 
microphase-separated domains. This type of physical crosslinking has been observed in 
many types of polymeric systems including polyurethanes, polyesters, polyolefins, 
polystyrenics, and other block copolymers. 
 A common type of commercial TPE is based on segmented block copolymers, 
which contain many alternating blocks, or segments, having molecular weights typically 
below 4000 g/mol. Some examples of TPEs that have these structures are    
polyurethanes,
103,104
 polyether esters,
105-107
 as well as polyamide-based TPEs.
19,20
 They 
differ from random copolymers in which the comonomers are randomly distributed along 
the polymer chain, and from di- and triblock copolymers, which contain only two or three 
relatively high molecular weight blocks. The repeating blocks of segmented copolymers 
are made of distinctly different chemical entities that often have significantly different 
properties as homopolymers. Generally, one block, designated the hard segment, has high 
Tg or Tm as a homopolymer. The other block, the soft segment, is derived from a 
homopolymer that can be crystalline (but with a low Tm) or amorphous and has a 
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subambient Tg, especially at the low molecular weights typically used for these 
elastomers. 
 In addition to the requisite thermal properties of the two types of segments, the 
hard and soft segments of a TPE must be chosen such that the free energy of mixing is 
positive.
108
 Thus, the mutual incompatibility of the segments induces microphase 
separation in the solid state. The hard segments aggregate to form glassy or 
semicrystalline, discontinuous hard domains interspersed in the continuous soft-segment 
matrix. The boundaries between these two phases are not well defined because there is 
some degree of forced compatibility due to the rather short average chain lengths and the 
molecular weight distributions of the segments. 
 The degree of phase separation, as well as domain formation depends on the 
proportion of the hard segments in the copolymer, the chemical composition, the 
molecular weight distribution, the method of preparation, and the thermal history of the 
sample. By changing any of the above factors, the mechanical properties of the 
copolymers are also affected. For instance, increasing the proportion of hard segment 
increases the hardness and the initial modulus while decreasing the ultimate elongation of 
a given segmented copolymer.
109,110
 At constant hard/soft segment ratio, an increase in 
phase separation results in a decrease in the hardness and modulus of the copolymer. 
 Dow
19
 and Arkema
20
 have developed polyamide-based TPEs from segmented 
copolymer systems. The elastomers developed by Dow contain hard segments based on 
semi-aromatic amides and soft segments based on aliphatic polyesters, aliphatic 
polyethers, or aliphatic polycarbonates, while the elastomers synthesized by Arkema 
contain aliphatic amide hard segments and polyether-based soft segments. All of the 
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TPEs use polyamide (PA) as the hard segment leading to a much higher initial modulus 
than many other TPEs in the same hardness range. The higher initial modulus results 
from the higher load bearing ability of the crystalline portion of the amide segment 
domains.
111
 Fakirov et al.
109
 showed that the mechanical behavior of the polyether-
amides depends extensively on the semicrystalline structure of the copolymers as well as 
the specific composition. Furthermore, the tensile measurements suggest a more 
significant influence of the hard segment content than of the length of the soft segments 
on the mechanical properties. 
 Previously we have reported a detailed investigation of the synthesis and 
characterization of a series of polyisobutylene-polyamide (PIB-PA) segmented block 
copolymers, which possess two different molecular weights (1000 or 2000 g/mol) for 
each prepolymer and two different polyamide blocks (6 or 11). This chapter focuses on 
the thermal, physical, and mechanical properties of these materials using dynamic 
mechanical analysis (DMA) and stress-strain analysis as primary tools. These analyses 
were performed on the entire series of PIB-PA TPEs to determine how the ratio of soft 
and hard segments affects the properties. The study also included four different PEBAX 
samples (donated by Arkema) in order to compare the PIB-PA TPEs to a commercial 
standard. 
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Experimental 
Materials 
 PIB-PA copolymers were previously synthesized as reported.
112
 PEBAX samples 
(MP 1878, RNEW 35R53, RNEW 40R53, RNEW 55R53) were donated by Arkema. 
Characterization 
 Density at ambient conditions for each of the samples was determined using an 
XS104 Mettler Toledo microbalance with a density determination feature based on 
Archimedes’ principle. The measurements were conducted at 21°C in air and ethanol 
with an accuracy of ±0.0098 cm
3
/g. 
 Wettability of the samples was measured using a Rame-hart 200-00 Std.-Tilting 
B. goniometer. Static (θsw) contact angles were measured using 10-μL water droplets in 
combination with DROPimage Standard software. 
 Thermogravimetric analysis (TGA) experiments were performed on a Q50 (TA 
Instrument) thermogravimetric analyzer. The furnace atmosphere was defined by 60 
mL/min nitrogen. Samples were prepared by loading a platinum sample pan with 10-20 
mg of material. The samples were subjected to a temperature ramp of 10°C/min from 
35°C to 650°C. The degradation temperature was determined from the 5% weight loss 
point. 
 Thermograms were recorded using a Q200 (TA Instruments) differential scanning 
calorimeter. The furnace atmosphere was defined by 50 mL/min nitrogen, with indium 
and sapphire as temperature and enthalpy calibrates, respectively. PIB-PA samples (5-10 
mg) were individualy loaded into standard, capped aluminum crucibles and subjected to a 
temperature ramp of 10°C/min from 30 to 280°C. The samples were then ramped 
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to -100°C at 5°C/min, where they were held for 3 min before being ramped back up to 
280°C at 10°C/min. The initial heating cycle (30 to 280°C) was performed to remove the 
thermal history. The second scan was used to determine the Tg and Tm of each copolymer.   
 Dynamic mechanical properties, including storage modulus (E’) and 
thermomechanical Tg, were measured using a Q800 (TA Instruments) dynamic 
mechanical analyzer. Test specimens were rectangular bars of dimension 1.5mm x 5mm 
x 60mm, formed from adding PIB-PA materials to silicone molds. Experiments were 
conducted in tensile mode with a strain amplitude of 0.05% and a frequency of 1 Hz. 
Temperature was ramped from -80 to 100°C at a rate of 5°C/min. 
 Mechanical tensile stress versus strain measurements were conducted using a 
Material Testing System Alliance RT/10 and analyzed using an MTS Testworks 4 
software package. Test specimen geometry was the same as that used for DMA (1.5mm x 
5mm x 60mm rectangular bars). Tests were conducted using a 1120 lbf load cell 
operating at 10% range. The strain rate for the experiments was 5 mm/min. 
Results and Discussion 
 Previously we investigated the synthesis of PIB-PA segmented block copolymers 
through a melt polycondensation reaction.
112
 Two series of PIB-PAs were synthesized, 
one based on PA 6 and the other on PA 11, in which the soft segment (PIB) and the hard 
segment (PA) possessed a number average molecular weight of either 1000 or 2000 
g/mol (thus, 4 combinations per series). The variation in molecular weight was necessary 
to change the ratio of hard segment to soft segment in the copolymer, which we 
hypothesized would have a significant impact on the physical properties. The identity of 
the PA component was also predicted to significantly effect the properties of the 
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copolymers. Arkema, which commercially produces polyether-block-amides (PEBAX), 
has developed copolymers based on PA-12 as well as PA-6. We hypothesized that by 
varying the PA hard segment of the PIB-PA copolymers, we would develop two distinct 
systems similar to PEBAX. 
Density 
 Table 7 shows the densities of the PIB-PA series and PEBAX series. All PIB-PA 
materials were heated above their respective melting temperature before density testing, 
thus eliminating the thermal history. All PEBAX samples were tested as received. 
Overall, both materials display very low density when compared to other thermoplastic 
elastomers. For example, thermoplastic polyurethanes developed by BASF (Elastollan) 
and Bayer MaterialScience (Desmopan) have densities of 1.23 and 1.2 g/cm
3
 
respectively.
113,114
 The PIB-PA 11 copolymers are uniformly of relative low density with 
little fluctuation based on the copolymer structure.  However, the PIB-PA 6 copolymers 
have lower density when the PIB and PA segment molecular weights are dissimilar. 
Generally, the PIB-PA materials show slightly lower densities as compared to the 
PEBAX, which is reasonable based on the lower density of PIB relative to the polyether 
soft segment of PEBAX. 
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Table 7. 
Densities of PIB-PA and PEBAX Samples 
Density (g/mL) 
PIB-PA 11 (1:1) 1.02 PIB-PA 6 (1:1) 1.07 
PIB-PA 11 (1:2) 1.03 PIB-PA 6 (1:2) 1.02 
PIB-PA 11 (2:1) 0.99 PIB-PA 6 (2:1) 1.01 
PIB-PA 11 (2:2) 1.01 PIB-PA 6 (2:2) 1.06 
PEBAX 35R53 1.19 PEBAX 1878 1.10 
PEBAX 40R53 1.03   
PEBAX 55R53 1.04   
 
Wettability 
 Water contact angle was used to determine surface hydrophobicity of the 
copolymer as a function of composition. Samples were prepared by compression 
molding, as previously described.
112
 Figure 10 summarizes the water contact angle 
results, and Figure 11 shows water contact angle images for all of the PIB-PA and 
PEBAX copolymers. All of the PIB-PA copolymers show similar water contact angles 
within the range of 86 to 109°. These contact angles are within the range of the values for 
the pure homopolymers: PIB (112°) and PA (82° for PA 11 and 66° for PA 6). The 
PEBAX samples showed significantly lower contact angles (62 to 81°), which suggests a 
more hydrophilic surface than displayed in the PIB-PA samples.  This is reasonable in 
view of the more hydrophilic polyether soft segment of PEBAX. 
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Figure 10. Water contact angles for all PIB-PAs and PEBAX. 
 
 
Figure 11. Water contact angle for (A) PIB-PA 6 (1:1, 1:2, 2:1, 2:2 from left to right),  
(B) PIB-PA 11 (1:1, 1:2, 2:1, 2:2 from left to right), and (C) PEBAX (1878, 35R53, 
40R53, 55R53). 
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Differential Scanning Calorimetry (DSC) 
 Differential scanning calorimetry was used to determine the melting temperature 
(Tm) for each copolymer. Figure 12 shows the second heat cycle for the PIB-PA 
copolymers, while Figure 13 shows the second heat cycle for the PEBAX copolymers. 
Values for Tms are shown in Table 8. The Tms for the PIB-PA 11 series were consistently 
lower than the Tms for the PIB-PA 6 series, which is consistent with the lower Tm of PA-
11 homopolymer (185°C) compared to PA-6 homopolymer (220°C). All of the PIB-PA 
copolymers showed Tms lower than the pure homopolymer Tm due to the PIB soft 
segment. Within each series (PIB-PA 6 and PIB-PA 11), the copolymers with the 2000 
MW PA blocks (red and purple spectra) displayed a slightly higher Tm than the 
copolymers with the 1000 MW PA blocks (green and blue spectra).  
 All PIB-PA 6 spectra show a broad glass transition (Tg) with a mid-point at 
approximately 10°C that was assigned to the PA hard block. This value is lower than the 
reported Tg of PA 6 homopolymer (47C), which suggests some degree of phase mixing 
with the PIB soft segment. The only PIB-PA 11 spectrum that shows a Tg (11.92°C) is 
PIB-PA 11 (1:2), which would be the most likely sample within this series to do so since 
there is a larger ratio of PA present in that copolymer. A slightly higher Tg for the PA 
phase of PIB-PA 11 compared to PIB-PA 6 is consistent with the homopolymer Tgs of 
PA 11 (42C) and PA 6 (47C).115 Regardless of the molecular weight of the soft 
segment, no soft segment Tm or Tg could be determined in any of the PIB-PA spectra. 
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Figure 12. Dynamic DSC scans obtained at 10°C/min, comparing the PIB-PA 6 and 
PIB-PA 11 series. 
 
The PEBAX series produced similar DSC results to the PIB-PA copolymers. 
PEBAX 1878 (blue) is a PA-6 based copolymer, while PEBAX 35R53, 40R53, and 
55R53 (red, green, and purple, respectively) are all PA-12 based copolymers. Figure 13 
shows that the Tms for the R53 series are lower than the Tm for PEBAX 1878. All of the 
PEBAX copolymers also show Tms lower than the pure homopolymer Tms due to 
inclusion of the soft polyether segment. Similarly to the PIB-PA 11 series, the three PA 
12-based PEBAX samples showed higher PA Tm for the copolymers with higher PA 
content. In contrast to the PIB-PA samples, none of which showed a Tm for the PIB soft 
segment, the two PA 12-based PEBAX samples containing the highest fractions of 
polyether soft segment (35R53 and 40R53), did display a soft segment Tm at 
approximately -15C. The distinct Tm of the soft segment is due to the difference in the 
structure of the soft segments. The poly(tetramethylene oxide) soft segment of PEBAX is 
slender and flexible and consequently enters relatively easily into a crystalline lattice; in 
-100 -50 0 50 100 150 200 250
Temperature (oC)
PIB-PA 6 (1:1)
PIB-PA 6 (1:2)
PIB-PA 6 (2:1)
PIB-PA 6 (2:2)
PIB-PA 11 (1:1)
PIB-PA 11 (1:2)
PIB-PA 11 (2:1)
PIB-PA 11 (2:2)
63 
 
 
  
comparison PIB has a very bulky chain with gem-dimethyl substituents on every other 
backbone atom. 
 
Figure 13. Dynamic DSC scans obtained at 10°C/min, comparing the PEBAX series. 
 
Table 8 
 
Melting Temperatures Obtained by DSC Data for PIB-PAs and PEBAX 
 
Sample Tm (°C) Sample 
Tm (°C) 
(hard block) 
Tm (°C) 
(soft block) 
PIB-PA 6 (1:1) 194.37 PIB-PA11 (1:1) 151.00  
PIB-PA 6 (1:2) 203.82 PIB-PA11 (1:2) 169.91  
PIB-PA 6 (2:1) 180.82 PIB-PA 11 (2:1) 147.86  
PIB-PA 6 (2:2) 198.53 PIB-PA 11 (2:2) 167.28  
PEBAX 1878 195.87 PEBAX 35R53 135.58 -14.12 
  PEBAX 40R53 147.49 -16.01 
  PEBAX 55R53 166.80  
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Dynamic Mechanical Analysis (DMA) 
 Dynamic mechanical analysis (DMA) of the copolymers gave further insight into 
the glass transition regions of the TPEs. Figures 14-16 depict DMA tan δ results for the 
PIB-PA 6 series, PIB-PA 11 series, and PEBAX series, respectively. All of the PIB-PA 
copolymers show broad tan δ peaks, suggesting a broad glass transition region. The glass 
transition region appears to be determined by the soft segment, as the 2000 MW 
PIB-containing copolymers display tan δ peaks at significantly lower temperatures than 
the 1000 MW PIB-containing copolymers. PIB-PA 6 2:2 and PIB-PA 11 2:2 (purple 
spectra) show two distinct peaks corresponding to the PIB soft segment and PA-6 hard 
segment. The two distinct Tg peaks suggest greater microphase separation is occurring in 
these samples compared to the rest of the series of copolymers. The Tg could be 
decreased by increasing the length of the PIB segment and by using PIB prepolymers 
containing no aromatic initiator fragments. 
 
Figure 14. Tan δ vs. temperature of the PIB-PA 6 series. 
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Figure 15. Tan δ vs. temperature of the PIB-PA 11 series. 
 
 The PEBAX samples also display broad tan δ peaks, suggesting a broad glass 
transition range. Little is known about the exact structure of the materials because the 
PEBAX samples are considered proprietary. However, it has been concluded that 55R53 
has the highest percentage of PA hard segment, while 35R53 has the lowest percentage. 
Figure 16 supports this conclusion by showing a higher tan δ peak for 55R53 than either 
40R53 or 35R53. PEBAX 1878 utilizes a different PA hard segment, but still shows a 
broad tan δ peak from -60°C to 20°C. The PEBAX samples show secondary thermal 
transitions, suggesting the presence of microphase separation. 
 In comparison to the PIB-PA samples, the PEBAX samples have significantly 
lower tan δ peaks, -20°C to 50°C for the PIB-PAs and -50°C to 0°C for the PEBAX. All 
of the PEBAX samples are above their Tg when at room temperature, rendering them all 
soft and flexible. Only the PIB-PAs 2:2 and PIB-PAs 2:1 samples are above their Tg 
when at room temperature, while PIB-PAs 1:1 and PIB-PAs 1:2 are below their Tg. The 
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DMA results strongly suggest that the elastomeric properties of PIB-PA might be 
significantly improved by the use of a longer PIB segment. 
 
 
Figure 16. Tan δ vs. temperature of the PEBAX series. 
 
 Figures 17-19 depict DMA storage modulus results for the PIB-PA 6 series, PIB-
PA 11 series, and PEBAX series, respectively. The storage modulus tends to rapidly 
decrease right around the Tg of the material, so PIB-PAs 2:1 and PIB-PAs 2:2 display a 
drop in storage modulus around -20°C, while PIB-PAs 1:1 and PIB-PAs 1:2 maintain a 
higher storage modulus until 30°C. This suggests that PIB-PAs 1:1 and PIB-PAs 1:2 
display higher load-bearing properties at higher temperatures due to the crystalline 
segments of the copolymer. PIB-PAs 2:1 and PIB-PAs 2:2 have larger amounts of 
amorphous soft segment, and thus have lower load-bearing properties once the use 
temperature becomes higher than the Tg. All of the PEBAX samples showed a decrease 
in storage modulus at low temperature (-60°C to -30°C) suggesting an elastomeric 
material at room temperature that has lower load-bearing properties. 
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Figure 17. Storage modulus vs. temperature of the PIB-PA 6 series. 
 
 
Figure 18. Storage modulus vs. temperature of the PIB-PA 11 series. 
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Figure 19. Storage modulus vs. temperature of the PEBAX series. 
 
Thermogravimetric Analysis (TGA) 
 Thermogravimetric analysis was run to determine the decomposition temperature 
(Td) of the PIB-PA copolymers and PEBAX samples. Figures 20 and 21 show a PIB-PA 
copolymer compared to its pure prepolymers, while Figure 22 shows a comparison of the 
various PEBAX samples. Table 9 summarizes the Tds for all of the copolymers.  
 
Figure 20. TGA thermograms of PIB 2000, PA 11 2000, and PIB-PA 11 2:2. 
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Figure 21. TGA thermograms of PIB 2000, PA 6 2000, and PIB-PA 6 2:2. 
 
 
Figure 22. TGA thermograms of the entire PEBAX series. 
 
 All of the PIB-PAs exhibited high ( 325C) decomposition temperatures, as did 
the PEBAX samples. Table 9 shows the PIB-PA 11 series has significantly higher Tds 
than the PIB-PA 6 series, which was expected due to the longer aliphatic chains in the 
hard PA-11 segment. These results are supported by the thermal traces of pure PA-11 and 
PA-6 shown in Figures 20 and 21. Similar results are shown for the PEBAX series, in 
which the PA-12 based PEBAX have higher Tds than the PA-6 based sample. The only 
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exception is PEBAX 55R53, which has the lowest content of soft segment. This suggests 
PEBAX 1878 has a higher soft segment ratio. 
Table 9 
Decomposition Temperatures Determined from Thermogravimetric Analysis 
Sample Td (°C) Sample Td (°C) 
PIB-PA 6 1:1 326.24 PIB-PA 11 1:1 393.03 
PIB-PA 6 1:2 374.06 PIB-PA 11 1:2 402.25 
PIB-PA 6 2:1 326.55 PIB-PA 11 2:1 386.73 
PIB-PA 6 2:2 355.55 PIB-PA 11 2:2 387.46 
PEBAX 1878 373.19 PEBAX 35R53 390.85 
  PEBAX 40R53 390.25 
  PEBAX 55R53 370.14 
 
Mechanical Testing 
 
 Mechanical testing of the PIB-PA copolymers provided information regarding 
tensile properties as well as elastomeric performance. Table 10 summarizes the results of 
the mechanical testing for both PIB-PAs and PEBAX samples. Each individual sample 
was tested ten times and the table shows the average values. Figures 23 and 24 show a 
typical stress-strain curve for each PIB-PA sample. 
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Table 10 
 
Mechanical Testing Results for PIB-PAs and PEBAX 
 
Sample 
Peak 
Load 
(N) 
Peak 
Stress 
(MPa) 
Ultimate 
Strain  
(%) 
Modulus 
(MPa) 
Energy to 
Break  
(N*mm) 
Tensile 
Strength 
(MPa) 
Elongation 
at Break 
 (mm) 
PIB-PA 
11 1:1 
34.98 6.3 1.2 540.65 5.2 6.3 0.26 
PIB-PA 
11 1:2 
35.33 4.73 8.3 359.45 48.36 4.72 1.62 
PIB-PA 
11 2:1 
34.32 4.67 37.5 43.44 180.18 4.67 7.20 
PIB-PA 
11 2:2 
51.93 7.2 12.2 120.12 73.67 7.21 2.07 
PIB-PA 
6 1:1 
47.46 6.33 1.9 520.64 11.81 6.33 0.35 
PIB-PA 
6 1:2 
87.06 8.37 2.5 520.80 27.72 8.35 0.52 
PIB-PA 
6 2:1 
31.05 3.83 36.1 46.98 185.26 3.82 7.46 
PIB-PA 
6 2:2 
16.78 2.93 9.2 43.91 17.63 2.92 1.80 
PEBAX 
1878 
119.61 15.55 249 78.25 9229.76 13.91 93.65 
PEBAX 
35R53 
33.62 5.13 302 24.87 3141.48 5.08 106.10 
PEBAX 
40R53 
70.37 8.81 313 47.08 7037.12 8.41 101.47 
PEBAX 
55R53 
126.06 12.18 - 77.55 - 11.11 - 
 
 In general, for both the PA-11 and PA-6 series, PIB-PAs 1:1, 1:2, and 2:2 perform 
like brittle materials, while the PIB-PAs 2:1 act most like elastomeric materials. Table 10 
shows that PIB-PAs 1:1, 1:2, and 2:2 all have very low ultimate strain, elongation, and 
energy at break values. Also the moduli of the PIB-PAs 1:1 and 1:2 are significantly 
higher than all of the rest of the samples. These results indicate that these samples are 
dominated by the PA component and, thus, display the characteristics of a semicrystalline 
polymer. Semicrystalline polymers with sufficient levels of crystallinity contain lamellar 
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crystallites that are embedded within the amorphous regions of the copolymer. The 
presence of these crystallites, thereby increase the modulus of the amorphous regions, 
leading a higher overall modulus, like those shown for the PIB-PAs 1:1 and 1:2. 
The PIB-PAs 2:1 both display similar mechanical testing results, which differed from the 
rest of the PIB-PA series. Figures 23 (PIB-PA 6) and 24 (PIB-PA 11) show a significant 
difference in the shape of the stress-strain curve for the PIB-PAs 2:1 sample compared to 
the rest of the series. PIB-PAs 2:1 had a significantly higher ultimate strain, as well as 
energy and elongation at break. They also had significantly lower moduli than the rest of 
the PIB-PA series. The decrease in modulus and increase in ultimate strain suggest a 
more continuous rubbery phase, which is present in this PIB-PA formulation due to the 
use of a higher molecular weight PIB and a lower molecular weight PA. While the 
PIB-PAs 2:1 have improved elastomeric properties compared to the other PIB-PA 
samples, these properties, i.e., elongation, could be improved by incorporating slightly 
higher molecular weight PIB.
53
 Also, changing the PIB initiator to a straight aliphatic 
chain and removing the aromatic ring will remove a kink in the chain, which could also 
improve the mechanical properties. 
 The PA hard segment structure appears to have little effect on the mechanical 
properties of the copolymer. In several instances the PIB-PAs 11 and 6 with the same 
ratio of molecular weights, i.e., PIB-PA 6 1:1 and PIB-PA 11 1:1, had mechanical 
properties more similar than copolymers with different molecular weight ratios but the 
same PA hard segment. 
 The PEBAX samples were determined to be tougher materials than the PIB-PA 
materials. For instance, PEBAX 55R53 does not show an ultimate strain, energy to break, 
73 
 
 
  
or elongation at break because the samples never broke. The load cell that was used to 
break all of the samples did not provide enough force to cause PEBAX 55R53 to fail. 
However, a higher load level test cell was not used in order to be able to compare the 
results to the PIB-PA materials. The ultimate strain, energy, and elongation at break 
reached by the PEBAX samples are much greater than the PIB-PA samples. Also the 
moduli were significantly lower for all of the PIB-PA samples except the PIB-PAs 2:1. 
The testing results clearly suggest that improved PIB-PAs can be realized by using a 
higher MW PIB segment, perhaps 3000 g/mol.  However, greatly improved properties 
will also undoubtedly be realized by increasing the overall MW of the PIB-PAs, perhaps 
through improved mixing during melt synthesis. Currently PIB-PA synthesis occurs 
under nitrogen in an oil bath with a magnetic stir bar.
112
 This doesn’t provide adequate 
phase mixing beyond a certain viscosity (i.e., molecular weight), and this suggests that 
more thorough mixing would allow a higher molecular copolymer to be formed, which 
would dramatically improve mechanical properties. Improved properties might also be 
obtained through a reactive extrusion method rather than a stirred melt polycondensation. 
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Figure 23. Stress-strain curves for the PIB-PA 6 series. 
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Figure 24. Stress-strain curves for the PIB-PA 11 series. 
 
Conclusions 
 We have investigated the thermal, physical, and mechanical properties of the 
PIB-PA copolymer series. These properties were then compared to PEBAX, which is a 
commercial TPE with a similar chemical structure to PIB-PA. TGA, DSC, and DMA 
were used to examine the thermal properties, revealing that the PA hard segment type 
significantly changes the melting temperature, and that the molecular weight of the soft 
segment has the most important effect on the glass transition temperature. Density 
measurements showed that PIB-PA copolymers have low densities compared to many 
TPEs. Mechanical testing showed that the PIB-PA 2:1 samples performed most like a 
TPE, with a lower modulus and relatively higher elongation at break.  
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 Future work will include the optimization of the mechanical properties of the 
PIB-PA copolymers. We plan to investigate better methods for phase mixing, including 
larger reactors with mechanical stirring as well as extruders. We also plan to adjust the 
ratio of PIB soft blocks and PA hard blocks. Finally, by changing the structure of PIB, 
i.e., using a different initiator or quenching group, we should be able to make the 
aliphatic soft segment more symmetric, which should further improve the mechanical 
properties. 
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CHAPTER IV 
UTILIZATION OF CLICK CHEMISTRY IN THE FORMATION OF 
POLYISOBUTYLENE-BLOCK-POLYAMIDES 
Introduction 
 Click chemistry has been beneficial to polymer chemistry as a means to further 
develop complex architectures, including segmented block copolymers. The term “click 
chemistry” was first described by Sharpless et al.58 while optimizing Huisgen’s60 
1,3-dipolar cycloaddition of azides and terminal alkynes via copper(I) catalysis. This type 
of click reaction can be characterized as highly efficient and specific, with the starting 
materials being very stable to other functional groups.
83
 The copper(I)-catalyzed azide-
alkyne cycloaddition (CuAAC) reaction will be explored as a viable option to form 
segmented copolymers between polyisobutylene (PIB) and polyamide (PA). 
Currently, a wide range of living or controlled polymerization processes are 
available to prepare block copolymers of various architectures and functionality, via the 
method of sequential monomer addition. These polymerization processes include living 
ionic and living radical polymerizations. In addition, two different polymerization 
processes, for example, living carbocationic and living radical polymerization can be 
combined using a technique termed site transformation, to synthesize a myriad of block 
copolymer structures.
116
 The disadvantages of these approaches are that complete 
formation of block copolymers is hard to quantify and characterization of the individual 
blocks is very difficult. 
These problems can be overcome by applying a modular technique for the 
synthesis of multi-block copolymers. Polymeric blocks bearing functional end groups are 
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prepared separately and are linked covalently by their end groups. This approach enables 
full analysis, e.g., molecular weight distribution, of the separate blocks prior to formation 
of the segmented copolymer. However, a major disadvantage of this method is that the 
linking reaction must be high yielding, and requires highly reactive end groups that are 
prone to side reactions, which limits the scope of the modular approach. 
 Application of the copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) click 
reaction to the synthesis of block copolymers via the above-described modular approach 
was first introduced by Opsteen and van Hest.
91
 Atom transfer radical polymerization 
(ATRP) was used to form bromide-terminated bifunctional polystyrene (PS), in which the 
bromide moieties were replaced by azides through post-polymerization modification. 
Meanwhile, alkyne-functionalized poly(methylmethacrylate) (PMMA) was formed using 
a functionalized initiator. Both techniques (post-polymerization modification and 
utilization of a functionalized initiator) provide a convenient method of forming highly 
reactive end groups for click chemistry without the risk of premature side reactions. The 
value of CuAAC as a block copolymer synthetic technique was further demonstrated 
when Durmaz et al. developed ABC triblock copolymers of PS, PMMA, and 
poly(ethylene glycol) (PEG).
92
 
 Herein we explore the synthesis of segmented TPEs based on PIB soft segments 
and PA hard segments via click chemistry. CuAAC click chemistry is utilized to form 
novel linkages between PIB and PA prepolymers. Previously PIB-PA TPEs were formed 
through a melt polycondensation reaction forming amide linkages between the two 
homopolymer blocks. PIB and PA may both be fitted with a variety of end groups 
including acrylate, thiol,
56
 and azide
52
 for PIB, and thiol, yne, and ene
39
 for PA, which are 
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all clickable functionalities. Specifically we focus on the formation of a triazole linkage 
between an azide-terminated PIB and an yne-terminated PA. 
Experimental 
Materials 
 Hexane (anhydrous, 95%), sodium azide (99.5%), N,N-dimethylformamide 
(DMF) (99%), dichloromethane (DCM) (99.8%), 2,2,2-trifluoroethanol (TFE), 11-
aminoundecanoic acid (11-AUA) (97%), hexamethylenediamine (70% aqueous solution), 
ε-caprolactam (-CAP) (99%), 10-undecynoic acid (10-UDA) (95%), 
bromotris(triphenylphosphine)copper(I) (98%), trifluoroacetic anhydride (99%), and 
chloroform-d (CDCl3) were purchased from Sigma-Aldrich and used as received. 
Heptane, methanol, and anhydrous magnesium sulfate (MgSO4) were purchased and used 
as received from Fisher Scientific. Difunctional primary bromide-terminated PIB was 
synthesized as previously reported.
55
 
Instrumentation 
 Nuclear magnetic resonance (NMR) spectra were obtained using a 300 MHz 
Varian Mercury
plus
 NMR (VNMR 6.1C) spectrometer. Standard 
1
H and 
13
C pulse 
sequences were used. Composite pulse decoupling was used to remove proton coupling 
in 
13
C spectra. All 
1
H chemical shifts were referenced to TMS (0 ppm), and all 
13
C shifts 
were referenced to the CDCl3 solvent resonance (77.0 ppm) as well as the TFE solvent 
resonance (60.5 ppm). PIB samples were prepared by dissolving in CDCl3 (20-50 
mg/mL) and charging the resulting solution to a 5 mm NMR tube. PA and copolymer 
(PIB-PA) samples were prepared by dissolving in TFE:CDCl3 (4:1, v:v) (15-25 mg/mL) 
and charging the resulting solution to a 5 mm NMR tube. 
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 Number-average molecular weights ( ) and polydispersities (PDI = ) 
were determined using a gel-permeation chromatography (GPC) system consisting of a 
Waters Alliance 2695 separations module, an online multi-angle laser light scattering 
(MALLS) detector fitted with a gallium arsenide laser (power: 20 mW) operating at 658 
nm (miniDAWN TREOS, Wyatt Technology Inc.), an interferometric refractometer 
(Optilab rEX, Wyatt Technology Inc.) operating at 35°C and 658 nm, and two PLgel 
(Polymer Laboratories Inc.) mixed E columns (pore size range 50-10
3
 Å, 3 µm bead 
size). Freshly distilled THF served as the mobile phase and was delivered at a flow rate 
of 0.5 mL/min. Sample concentrations were ca. 15-20 mg of polymer/mL of DCM:THF 
(1:1), and the injection volume was 100 µL. The detector signals were simultaneously 
recorded using ASTRA software (Wyatt Technology Inc.), and absolute molecular 
weights were determined by MALLS using a dn/dc calculated from the refractive index 
detector response and assuming 100% mass recovery from the columns. 
Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry 
(MALDI-TOF-MS) was performed using a Bruker Microflex LRF MALDI-TOF mass 
spectrometer equipped with a nitrogen laser (337 nm) possessing a 60 Hz repetition rate 
and a 50 µJ energy output. Polyamide samples were prepared using the solvent-free 
method;
39
 matrix (2,5-dihydroxybenzoic acid) (DHB) and solid polyamide (10:1 weight 
ratio) were finely ground together, and the resulting powder was applied directly to a 
MALDI sample target for analysis. PIB homopolymer samples were prepared using the 
dried-droplet method, in which a 20 mg/mL matrix (dithranol) solution, a 10 mg/mL 
cationizing agent (sodium trifluoroacetate) (NaTFA) solution, and a 10 mg/mL polymer 
solution, all in THF, were mixed in a volumetric ratio of matrix/sample/cationizing agent 
nM w nM /M
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= 10:2:1, and then a 0.5 µL aliquot was applied to a MALDI sample target for analysis. 
All spectra were obtained in the positive ion mode utilizing the reflector mode micro-
channel plate detector and are the sum of 900-1000 shots. 
Mid-infrared spectra in transmission mode were collected using a Nicolet 6700 
FTIR (Thermo Scientific) in the range of 600-4000 cm
-1
, which uses a white light source 
with a potassium bromide beam splitter, and DTGS potassium bromide detector. PIB and 
PIB-PA samples were prepared by placing, drop-wise, polymer solutions (in DCM) onto 
a salt plate and allowing the solvent to evaporate. PA samples were prepared by forming 
KBr pellets with KBr and PA in the ratio of 20:1. Each spectra collected was 32 scans at 
a 4 cm
-1
 resolution. 
Synthesis of α,ω-bis[4-(3-Azidopropoxy)phenyl]polyisobutylene 
 In a 500 mL roundbottom flask, equipped with a condenser and a magnetic stir 
bar, difunctional primary bromide-terminated PIB (25 g) was dissolved in a 50/50 (v/v) 
mixture of heptane and DMF (250 mL). To this biphasic mixture was added 16.25 g 
(0.25 mol) of sodium azide. The mixture was heated to 90°C, upon which it became 
monophasic, and allowed to react for 2.5 h. After cooling and phase separation, the 
heptane layer was washed with deionized water. The polymer was precipitated into 
methanol, and the residual solvent was removed under vacuum. 
Preparation of Difunctional Polyamides 
Synthesis of difunctional alkyne-terminated polyamides. A scintillation vial, 
equipped with a magnetic stir bar and a nitrogen inlet and outlet, was charged with 
hexamethylenediamine (HMD), 10-undecynoic acid (10-UDA), and either 11-
aminoundecanoic acid (11-AUA) or ε-caprolactam (ε-CAP). Specific formulations are 
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shown in Table 11. The vial was purged with nitrogen for 15 min, and then immersed 
into a preheated oil bath at 220°C for 5 h, with stirring of the contents under nitrogen. 
Products were transparent and viscous in the molten state. Upon cooling, products 
solidified into tough off-white plugs. The polyamide plug was removed from the vial and 
crushed with a mortar and pestle. The polyamide powder was extracted with methanol for 
24 h using a Soxhlet apparatus. 
 N-Trifluoroacetylation modification of polyamides. Alkyne-terminated PA (0.5 g) 
was weighed into a 100 mL round bottom flask equipped with a magnetic stir-bar. DCM 
(50 mL) was added to the flask along with trifluoroacetic anhydride (0.1 mL). The 
reaction was stirred for 19 h at room temperature, during which the solid PA dissolved 
within the first 10 min. The solution was washed three times with DI water, dried over 
MgSO4 and collected by filtration. Samples were stored in the freezer. The 
trifluoroacetylated PAs were used for GPC analysis. The same procedure was used for 
the PIB-PA copolymers. 
  
 
  
8
3 
Table 11. 
 
Formulations for Alkyne-Terminated Polyamides 
 Component (g) Yield  (g/mol) PDI 
Sample HMD
c
 11-AUA -CAP 10-UDA  (%)a  GPCb MALDI (GPC) 
PA-11-1000-yne 1.00 3.42 - 2.19 - 84  1,020 970 1.68 
PA-11-2000-yne 0.25 2.5 - 0.55 - 93  1,920 1,990 1.39 
PA-6-1000-yne 0.66 - 2.41 1.46 - 89  1,050 870 1.72 
PA-6-2000-yne 0.33 - 3.52 0.73 - 90  1,630 1,830 1.57 
Note. a Yield (%) = mass of polymer product recovered/(mass of monomer reactants – theoretical water of condensation). b = mass of trifluoroacetylated polymer (assuming 100% 
trifluoroacetylation) – trifluoroacetylated groups. c HMD used was 70% by weight in water. 
 
nM
nM
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Preparation of Polyisobutylene-b-Polyamide Copolymers via Click Chemistry 
Azide-alkyne Huisgen cycloaddition. To a scintillation vial, equipped with a 
magnetic stir bar and a nitrogen inlet and outlet, were added azide-terminated PIB (2000 
g/mol) (1.0 g) and alkyne-terminated PA-11 (2000 g/mol) (1.0 g). The vial was purged 
with nitrogen for 15 min, and then immersed into a preheated oil bath at 210°C for 12 h, 
with stirring of the contents under nitrogen. Products were opaque and viscous in the 
molten state. Upon cooling, products solidified into brown solids. 
 Copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC). To a scintillation vial, 
equipped with a magnetic stir bar, was dissolved azide-terminated PIB (2000 g/mol) (1.0 
g) in THF (5 mL). Upon complete solvation, bromotris(triphenylphosphine)copper(I) 
(46.5 mg, ~10% by weight) was added and stirred until complete dissolution. THF was 
removed via rotary evaporation. Alkyne-terminated PA-11 or PA-6 (2000 g/mol) (1.0 g) 
or PA-11 (1000 g/mol) (0.5 g) was then added, and the vial was purged with nitrogen for 
15 min. The vial was then immersed into a preheated oil bath at 210°C for 20 min, with 
stirring of the contents under nitrogen. Products were transparent and viscous in the 
molten state. Upon cooling, products solidified into tough brownish green solids. Each 
block copolymer was then formed into a compression-molded sheet (approximately 0.5 
mm thickness) using a Carver press. Conditions for compression molding were ≈20°C 
above the melting point of the PA block, ≈20 kN, 5 min. 
Results and Discussion 
 Two variations of the azide/alkyne cycloaddition reaction were used to synthesize 
multiblock (PIB-PA)n TPEs: the traditional Huisgen 1,3-dipolar cycloaddition of azides 
and alkynes (uncatalyzed) and the copper-catalyzed azide-alkyne cycloaddition (CuAAC) 
85 
 
 
  
(Scheme 10). For both reactions, two different difunctional alkyne-terminated PA hard 
segments were investigated. A polyamide 6 (PA-6) prepolymer was formed by ring-
opening polymerization of ε-caprolactam, and a polyamide 11 (PA-11) prepolymer was 
formed by step polymerization of 11-aminoundecanoic acid. In both cases, 
10-undecynoic acid was used to produce alkyne end groups and control molecular 
weight; hexamethylenediamine was used to provide difunctional prepolymers and 
maintain stoichiometric balance between amine and carboxylic acid groups. In parallel, 
difunctional azide-terminated PIB (N3-PIB-N3) was synthesized via cationic 
polymerization utilizing in situ quenching and post-polymerization modification. In a 
final step, alkyne-terminated PA was reacted with azide-terminated PIB, with and 
without copper (I) catalyst, at a temperature greater than the melting point of the PA to 
form triazole linkages that connect the hard PA segments to soft PIB segments. 
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Scheme 11. Copper-catalyzed azide-alkyne cycloaddition (CuAAC) to form segmented 
multi-block PIB-PA. 
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Synthesis of α,ω-bis[4-(3-Azidopropoxy)phenyl]polyisobutylene 
 Difunctional primary bromide-terminated PIB (Br-PIB-Br) was synthesized as 
previously reported.
55
 A post-polymerization transformation of the primary bromide to 
azide allowed for the formation of N3-PIB-N3. This was carried out by displacement of 
the primary bromide end groups with azide ion, through addition of sodium azide to a 
solution of Br-PIB-Br in 50/50 (v/v) heptane/DMF, as previously reported by Morgan 
and Storey.
52
 Figure 25 (top spectrum) shows the 
1
H NMR spectrum of N3-PIB-N3. 
Conversion to the azide end groups is evidenced by an upfield shift in the resonances due 
to the tether methylene units, notably from 3.6 to 3.51 ppm (labeled a) and also 2.3 to 
2.04 ppm (labeled b). 
 The targeted molecular weight of N3-PIB-N3 prepolymer was 2000 g/mol, which 
was confirmed by GPC and MALDI-TOF mass spectrometry. Number-average molecular 
weight (and polydispersity) calculated from the GPC chromatogram was 2089 g/mol 
(1.09), while MALDI-TOF gave 1932 g/mol. Overall, both experimental molecular 
weights were close to the theoretical target. 
 MALDI-TOF-MS also provided structural confirmation for the N3-PIB-N3 
prepolymer, as shown in Figure 26. The spectrum displays two major distributions, the 
more intense of which is composed of peaks that correspond to PIB with protonated azide 
end groups. The second distribution corresponds to sodiated end groups, which form due 
to the use of NaTFA as the cationizing agent. From regression analysis of a plot of the 
masses of the protonated peaks vs. their degree of polymerization, a linear relationship 
with a regression slope of 56.50 and intercept of 570.90 was obtained. This indicates that 
the polymer consists of a number of isobutylene repeat units plus a residual mass of 
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570.90 g/mol, representing end groups and initiator residue. The theoretical molecular 
weight of the end groups and initiator residue for the target structure (C34H47N6O2
+
) totals 
568.77 g/mol, which agrees nearly perfectly with the observed value. This provides 
strong evidence that the azide-terminated PIB structure was achieved. 
 
Figure 25. 
1
H NMR (300 MHz, CDCl3, 22°C) spectra of 
α,ω-bis[4-(3-bromopropoxy)phenyl]polyisobutylene, 
α,ω-bis[4-(3-azidopropoxy)phenyl]polyisobutylene with peak integrations. 
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Figure 26. MALDI-TOF mass spectrum of 
α,ω-bis[4-(3-azidopropoxy)phenyl]polyisobutylene (2000 MW) prepared by the dried 
droplet method with dithranol as the matrix, NaTFA as the cationizing agent, and THF as 
the solvent. 
 
Synthesis of Difunctional Alkyne-terminated Polyamides 
 Previously, we reported the synthesis of carboxyl-terminated PA-11 and PA-6 by 
using a small amount of adipic acid with either 11-aminoundecanoic acid or 
ε-caprolactam.112 Barrere and coworkers showed that 10-undecenoic acid acting as a 
chain limiter formed a monofunctional ene-terminated PA.
39
 We hypothesized that the 
polymerization of a difunctional amine, an ω-amino acid or lactam, and an alkyne-
functional mono-carboxylic acid would form a low molecular weight difunctional 
yne-terminated PA that could be used as the hard segment of a TPE. 
 Yne-functionalized PA-11 was synthesized by combining 11-aminoundecanoic 
acid, hexamethylenediamine, and 10-undecynoic acid under N2 at 220°C for 5 h. The 
ratio of 11-aminoundecanoic acid to 10-undecynoic acid (chain limiting monomer) was 
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manipulated in order to control degree of polymerization; hexamethylenediamine was 
used in a molar amount exactly one-half that of 10-undecynoic acid to ensure 
stoichiometric balance. PA prepolymers with of 1,000 and 2,000 g/mol were 
prepared. Figure 27 shows a 
13
C NMR spectrum of the resulting difunctional 
yne-terminated PA-11-1000. The spectrum was acquired using the cosolvent system of 
TFE:CDCl3, which has been reported
98
 to reveal features of PA-11, such as end groups 
and cis isomers, which are typically masked. The carbonyl region of the spectrum shows 
one broad peak at 175.8 ppm, which suggests the end group carbonyl peak (11) is hidden 
under the repeat unit carbonyl peak (1). The terminal yne group displays unique peaks at 
85.2 ppm (17) and 67.9 ppm (18). These peaks were monitored for disappearance during 
the formation of the PIB-PA copolymer. Assignments of carbons within the aliphatic 
region were made according to Davis et al.
101
 
 
Figure 27. 
13
C NMR (75 MHz, TFE:CDCl3 (4:1), 22°C) spectrum of yne-terminated 
PA-11-1000. 
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 Figure 28 shows a MALDI-TOF mass spectrum of yne-terminated PA-11-2000. 
The spectrum shows two major distributions and one minor distribution, suggesting the 
presence of protonated, sodiated, and potassiated species, respectively. The second major 
distribution, which corresponds to sodiated end groups, forms due to the use of NaTFA as 
the cationizing agent. The minor distribution with correspondence to potassiated peaks 
forms from the potassium ions in the atmosphere. Looking specifically at the protonated 
species, regression analysis of a plot of the masses of these peaks vs. their degree of 
polymerization yielded a linear relationship with a regression slope of 181.84 and 
intercept of 442.15. This indicates the polymer consists of a number of 
11-aminoundecanoic acid repeat units (FW = 183.29 g/mol) plus a residual (intercept) 
value of 442.15 g/mol, representing one hexamethylenediamine plus two 10-undecynoic 
acid residues. The intercept value (442.15 g/mol) is consistent with the molecular weight 
of these residues (hexamethylenediamine + 2 10-undecynoic acid – 2 H2O) (444.73 
g/mol), suggesting that the PA segment consists of one hexamethylenediamine unit 
placed randomly among a number of 11-aminoundecanoic acid repeat units with two 
10-undecynoic acid end groups. Similar regression analysis was run of the 
yne-functionalized PA-11 (1000 MW), where the intercept value was 441.64, 
corresponding closely to the theoretical weight of the residual group (444.73 g/mol). 
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Figure 28. MALDI-TOF mass spectrum of yne-terminated PA-11 (2000 MW) prepared 
by the solvent-free method
39
 with 2,5-DHB as the matrix. 
 
 Yne-functionalized PA-6 was synthesized by ring-opening polymerization of 
ε-caprolactam in the presence of hexamethylenediamine and 10-undecynoic under N2 at 
220°C for 5 h. The ratio of ε-caprolactam to 10-undecynoic was dictated by the degree of 
polymerization necessary to achieve a of either ~1,000 or ~2,000 g/mol. Figure 29 
shows a 
13
C NMR spectrum of the resulting difunctional yne-terminated PA-6-1000. The 
carbonyl region of the spectrum shows two peaks at 175.7 ppm and 175.8 ppm, which 
correspond to the repeat unit carbonyl carbon (1) and end group carbonyl carbon (11), 
respectively. The terminal yne group displays unique peaks at 85.2 ppm (17) and 67.9 
ppm (18). Due to the shorter length of the PA-6 repeat unit, each carbon within the ε-
caprolactam repeat unit could be unambiguously assigned to a unique resonance (labeled 
1-6), in contrast to PA-11 where the central six carbons were observed to be essentially 
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coincident. Assignments of carbons within the aliphatic region were made according to 
Davis et al.
101
 
 
Figure 29. 
13
C NMR (75 MHz, TFE:CDCl3 (4:1), 22°C) spectrum of yne-terminated 
PA-6-1000. 
 
 Figure 30 shows a MALDI-TOF mass spectrum of yne-terminated PA-6 (1000 
MW). Number-average molecular weights were calculated from the spectra and are 
shown in Table 11. The spectrum shows one major distribution and two minor 
distributions, suggesting the presence of potassiated, sodiated, and protonated species, 
respectively. Looking specifically at the protonated species, regression analysis of a plot 
of the masses of these peaks vs. their degree of polymerization yielded a linear 
relationship with a regression slope of 112.19 and intercept of 442.58. This indicates the 
polymer consists of a number of ε-caprolactam repeat units (FW = 113.16 g/mol) plus a 
residual value of 442.58 g/mol, representing one hexamethylenediamine and two 10-
undecynoic acid residues. The intercept value (442.58 g/mol) is consistent with the 
molecular weight of these residues (hexamethylenediamine + 2 10-undecynoic acid – 2 
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H2O) (444.73 g/mol), suggesting that the PA segment consists of one 
hexamethylenediamine unit placed randomly among a number of 11-aminoundecanoic 
acid repeat units with two 10-undecynoic acid end groups. 
 
Figure 30. MALDI-TOF mass spectrum of yne-terminated PA-6 (1000 MW) prepared by 
the solvent-free method
39
 with 2,5-DHB as the matrix. 
 
 GPC could not be directly performed on the PAs because strong hydrogen 
bonding between the amide groups prevents dissolution in THF and other common GPC 
solvents. However, we previously determined that upon N-trifluoroacetylation
102
 of the 
amide groups, both PA-6 and PA-11 become soluble in common solvents including THF 
and DCM. We therefore conducted the N-trifluoroacetylation reaction in DCM and 
obtained clear solutions of the modified PAs in DCM. However, we found that upon 
isolation of the N-trifluoroacetylated PAs, by vacuum evaporation of DCM and excess 
trifluoroacetic acid and trifluoroacetic anhydride, as described by Jacobi et al.,
102
 the 
resulting solids were difficult to dissolve in THF or re-dissolve in DCM. We thus 
developed a modified procedure in which the DCM solutions obtained directly from the 
reaction were purified by water extraction followed by chemical drying (MgSO4). A 
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small aliquot of the resulting solution was diluted with appropriate quantities of 
anhydrous THF and DCM to achieve the desired polymer concentration in a standard co-
solvent mixture of THF:DCM (1:1) (v/v). This solution was then injected directly into the 
GPC, which utilized a 100% THF mobile phase. For consistency, PIB homopolymer 
samples were also introduced to the GPC columns as solutions in THF:DCM. The 
addition of trifluoroacetyl groups significantly increases the MW of the PA, thereby 
decreasing the elution time and increasing the molecular weights calculated from 
MALLS. Thus, molecular weights of the unmodified PAs, reported in Table 11, were 
calculated from the measured molecular weights of the modified polymers by subtracting 
the mass gained due to N-trifluoroacetylation, assuming 100% trifluoroacetylation of all 
available amide groups. 
Preparation of Polyisobutylene-b-Polyamide Copolymers via Click Chemistry 
 PIB-PA copolymers were originally synthesized by Zaschke and Kennedy
53
 in 
1995. By using a one prepolymer (Dow) method, they were able to create PIB-PA 
copolymers in which the hard segment and copolymer were formed simultaneously. Due 
to the polar nature of the hard segment and the nonpolar nature of the soft segment, 
Zaschke et al. discussed solubility issues, which they addressed with a co-solvent mixture 
of tetramethylene sulfone (TMS)/xylene. Our two synthetic routes utilize a two 
prepolymer (Arkema) method, and we have found that the synthesis can be carried out in 
bulk. This represents a significant simplification and cost savings, since no organic 
solvent is required and, more importantly, no solvent must be removed from the block 
copolymer product. 
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 Azide-alkyne Huisgen cycloaddition.  PIB-PA copolymers were synthesized by 
combining difuctional azide-terminated PIB and difunctional yne-terminated PA-11 or 6 
under N2 at 210°C for 12 h. In this Huisgen 1,3-dipolar cycloaddition, heat alone was 
used to activate the reaction (no catalyst). The liquid PIB and solid PA prepolymers were 
observed to be initially immiscible when mixed together at room temperature. However, 
immediately upon heating to the reaction temperature (above the melting point of the PA) 
the two prepolymers began to react, as evidenced by the formation of a single phase. The 
single phase was turbid throughout the course of the polymerization, but tended to be less 
so as the reaction progressed. 
 Reactions were formulated such that end group equivalents were theoretically 
balanced, based on GPC number average molecular weights and assuming a functionality 
of two for each prepolymer; the goal was to synthesize the theoretically highest MW 
possible. Even with these precautions, after 12 h the copolymer that was formed was a 
crumbly solid, suggesting low molecular weight. 
 Copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC). PIB-PA copolymers 
were synthesized by combining azide-terminated PIB and yne-terminated PA-11 or 6 
with a copper(I) catalyst under N2 at 215°C for 20 min. 
Bromotris(triphenylphosphine)copper(I) was intimately mixed with the PIB prepolymer 
in solution, using THF, which was subsequently removed prior to reaction with PA. The 
green, liquid PIB and off-white, solid PA prepolymers were observed to be initially 
immiscible when mixed together at room temperature. However, immediately upon 
heating to the reaction temperature (above the melting point of the PA) the two 
prepolymers began to react, as evidenced by the color change and formation of a single 
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layer as shown in Figure 31. The color change may also be due to the excess amount of 
copper. After 20 min the solution became so viscous that the stir bar stopped stirring. 
 
Figure 31. Photo-images of a CuAAC reaction between azide-terminated PIB (2000 
MW) and yne-terminated PA-11 (1000 MW) as a function of time. 
 
  Reactions were formulated such that end group equivalents were theoretically 
balanced, based on GPC number average molecular weights and assuming a functionality 
of two for each prepolymer; the goal was to synthesize the theoretically highest MW 
possible. Figure 32 shows the 
13
C NMR spectra of azide-terminated PIB (Spectrum A), 
yne-terminated PA-11 (Spectrum B), and triazole-linked PIB-PA (Spectrum C). The 
difference in polarity of PA segments and PIB segments required the use of a TFE:CDCl3 
cosolvent system for NMR analysis and these solvent peaks are shown at 61, 119.35, 
123.25, 126.93, 130.46 ppm (TFE), and 77 ppm (CDCl3). Spectrum C shows resonances 
for both the PIB and PA block; however, only the triazole carbons are highlighted. 
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Figure 32. 
13
C NMR (75 MHz, CDCl3, 22°C) spectrum of (A) azide-terminated PIB 
(2000 MW), (75 MHz, TFE:CDCl3 (4:1), 22°C) spectra of (B) yne-terminated PA-11 
(1000 MW), (C) triazole-linked PIB-PA. 
 
Changes in the chemical shifts of the key end group resonances relative to the starting 
prepolymers provide evidence for block copolymer formation. Specifically, in the PA 
block, the alkyne carbon resonances are observed at 67.75 and 84.71 ppm, which are 
highlighted in red and green, respectively. In the PIB-PA spectrum (C) the two alkyne 
resonances are no longer present, but there are additional resonances at 129.13 and 
132.28 ppm, suggesting the conversion to the triazole ring. 
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 Selective solvent extraction was applied to PIB-PA 11 (2000:1000 MW) to 
provide further evidence for block copolymer formation. Aliphatic hydrocarbon solvents, 
e.g., hexanes, are excellent solvents for PIB homopolymer but are non-solvents for PA 
homopolymer and PIB-PA multi-blocks. Accordingly, crude PIB-PA was extracted with 
refluxing hexanes for 72 h using a Soxhlet apparatus. The loss in mass was 0.7%, which 
is low and suggests that all or nearly all PIB chains reacted with PA chains to form 
copolymers. The amount of extracted material was too low for compositional analysis of 
the extract. We were not able to identify a solvent that is a good solvent for PA and also a 
non-solvent for PIB-PA. 
 Triazole-linked PIB-PA copolymers were not soluble in traditional GPC solvents, 
so a N-trifluoroacetylation reaction was performed on these copolymers. Sample 
solutions were prepared in THF:DCM (1:1) (v/v); the GPC mobile phase remained 100% 
THF. Number average molecular weight (and polydispersity) calculated for the PIB-PA 
11 (2000:1000 MW) from the chromatogram was 4.16 x 10
4
 g/mol (1.97). The molecular 
weight excludes the N-trifluoroacetyl groups, assuming 100% conversion of all of the PA 
segments. 
 Figure 33 shows mid-infrared (IR) spectra for azide-terminated PIB, 
yne-terminated PA-11, and triazole-linked PIB-PA 11. PIB and PIB-PA samples were 
prepared by placing, drop-wise, polymer solutions (in chloroform) onto a salt plate and 
allowing the solvent to evaporate. Due to solubility issues, PA samples were prepared by 
forming KBr pellets with KBr and PA in the ratio of 20:1. The azide-terminated PIB 
spectrum (green) shows a strong methylene peak at 2950 cm
-1
, corresponding to the PIB 
backbone, as well as an azide peak at 2100 cm
-1
. The yne-terminated PA spectrum (red) 
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also shows strong methylene peak at 2925 cm
-1
, corresponding to the aliphatic portion of 
the 11-aminoundecanoic acid monomer, as well as a strong amide peak at 3300 cm
-1
. A 
weak alkyne peak is also displayed at 2125 cm
-1
, corresponding to the yne end group 
functionality. The PIB-PA spectrum (blue) demonstrates characteristics of both the PA 
spectrum (amide peak at 3300 cm
-1
) and PIB spectrum (methylene peak at 2950 cm
-1
). 
However, the region around 2100 cm
-1
 shows no peaks, suggesting the formation of 
triazole rings and a decrease in the concentration of azide and alkyne end groups. 
 
Figure 33. Mid-IR range spectra of azide-terminated PIB (2000 MW), yne-terminated PA 
11 (1000 MW), and tiazole-linked PIB-PA 11 (2000:1000 MW). 
 
Conclusions 
 We have developed a viable two-prepolymer, CuAAC method for the synthesis of 
PIB-PA multiblock copolymers. The use of in situ end quenching of PIB allowed for 
facile conversion to azide-terminated PIB. While a thermal catalyzed Huisgen 1,3 dipolar 
cycloaddtion will form a triazole linkage for the PIB-PA, the resulting copolymer has low 
molecular weight. The CuAAC method shows more potential for making high molecular 
weight TPE materials. NMR and MALDI-TOF-MS were used to confirm the structure of 
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the prepolymers, while GPC and MALDI-TOF-MS were used to determine the number 
average molecular weights of both prepolymers. The structure of the triazole-linked PIB-
PA was determined by NMR and FTIR, while the molecular weight was determined by 
GPC. In future work, we plan to extend the click chemistry study to include thiol-ene 
click chemistry. We also plan to fully characterize the mechanical properties of the 
triazole-linked PIB-PAs to compare to the amide-linked PIB-PAs originally synthesized. 
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